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Abstract 
Flows of reactive nitrogen (N) have significantly increased over the last century, 
corresponding to increases in the global population. The pressures on the N cycle 
include human waste, fossil fuel combustion as well as increasing food production 
(i.e., increasing fertilizer consumption, biological N fixation, and livestock manure 
production). The result is humans causing a 10-fold increase in the flow of reactive N 
globally. The influx of anthropogenic N into aquatic environments degrades water 
quality, alters fresh and saline ecosystem productivity, and poses an increasing threat 
to drinking water sources. In the U.S., decades of persistent hypoxic zones, created 
by elevated concentrations of nitrate from the landscape, have altered ecosystem 
trophic structure and productivity. Additionally, increasing N contamination of 
groundwater aquifers places over 20% of the U.S. population at increased risk of 
diseases and cancers.  
Despite billions of dollars of investment in watershed conservation measures, we have 
not seen proportional improvements in water quality. It has been argued that delayed 
improvements in water quality can be attributed to legacy stores of N, which has 
accumulated in the landscape over many decades. There is considerable uncertainty 
associated with the fate of N in the landscape; however, studies quantified increasing 
stores of N in the subsurface, suggesting increasing stores of N in groundwater 
aquifers, in soil organic nitrogen pools, and the unsaturated zone. Nevertheless, the 
spatial distribution of legacy N across the conterminous U.S. is poorly quantified.  
Here, we have synthesized population, agricultural, and atmospheric deposition data 
to develop a comprehensive, 88-year (1930 to 2017) dataset of county-scale N surplus 
trajectories for the U.S. N surplus, defined as the difference between N inputs and 
usable N outputs (crop harvest), provides insight into the trends and spatial distribution 
of excess N in the landscape and an upper bound on the magnitude of legacy N 
accumulation.  
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Our results show that the spatial pattern of N surplus has changed drastically over the 
88-year study period. In the 1930s, the N inputs were more or less uniformly 
distributed across the U.S., resulting in a few hotspots of N surplus. The following 
decades had sharp increases in N surplus, driven by the exponential use of fertilizer 
and combustion of fossil fuels. Contemporary N surplus distribution resembles a 
mosaic of varying degrees of excess, concentrated in the heavily cultivated areas. 
To understand dominant modes of behavior, we used a machine learning algorithm to 
characterize N surplus trajectories as a function of both surplus magnitudes and the 
dominant N inputs. We find ten primary clusters, three in crop dominated landscapes, 
four in livestock dominated landscapes, two in urban dominated landscapes, and one 
in areas minimally impacted by humans. Using the typologies generated can facilitate 
nutrient management decisions. For example, watersheds containing urban clusters 
would benefit from wastewater treatment plant upgrades. In contrast, those dominated 
by livestock clusters would have more success in managing nutrients by implementing 
manure management programs. 
The estimates of cumulative agricultural N surplus in the landscape highlights 
agronomic regions that are at risk of large stores of legacy N, possibly leading to 
groundwater and surface water contamination. In these agronomic regions, the 
average cumulative N surplus exceeds 1200 kg-N/ha by 2017. Despite having minimal 
agricultural activity in urban areas, urban fertilizer use has led to an average 
cumulative N surplus of over 900 kg-N/ha. While our estimates are an upper bound to 
legacy stores, significant uncertainty remains regarding the magnitude of the estimate 
of N accumulation. However, our results suggest that legacy N is at varying degrees, 
impacting most counties in the U.S.  
The significant investment and corresponding lack of returns can lead to 
disillusionment in farmers, watershed managers, and the general public. Developing 
such N surplus typologies helps improve understanding of long-term N dynamics. 
Beyond refining the supporting science, appropriately communicating uncertainties 
 vi 
and limitations of water quality improvements to the stakeholders, authorities, and 
policymakers are essential to continuing efforts to improve national water quality. 
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1.0 Introduction 
1.1 Background: Anthropogenic Nitrogen and the Environment 
Unrestricted population growth and consumption have led scientists to coalesce around 
the idea of a new geological epoch – the Anthropocene – a time marked by the human 
alterations to the planet (Crutzen, 2016; Subramanian, 2019). One incidence of severe 
impact to the planet from human, specifically from an increasing population, increasing 
per capita consumption of energy, and dietary shifts to diets rich in meat and refined fats, 
is the changes to earth system processes such as the N cycle (Galloway, 1998;  
Galloway, 2003; Nosengo, 2003; Steffen et al., 2015). Humans have now increased the 
flow of reactive N globally from 15 Tg N in 1890 to 165 Tg N in 2000 ( Galloway et al., 
2003). The inputs have increased since the 2000s and are projected to increase even 
further to meet the growing food demands from an increasing population and shifting to 
meat-centric diets (Howarth, 2008; Schlesinger & Bernhardt, 2013; P. M. Vitousek, 
Mooney, Lubchenco, & Melillo, 1997).  
 
N flows from energy and food production in the United States (U.S.), similar to global 
trends, have increased from 8 Tg in 1961 to 37 Tg by 1997 (Galloway et al., 2003; Houlton 
et al., 2013).The increase has led to substantial increases in nitrogen flows into the 
environment, which has contributed to the eutrophication of coastal and freshwater 
ecosystems and the exceedingly high levels of nitrates in groundwater aquifers (N. M. 
Dubrovsky et al., 2010; Gurdak, 2009; Harter, Davis, Mathews, & Meyer, 2002; Nolan & 
Stoner, 2000; Nancy N. Rabalais, Turner, & Wiseman, 2002; N. N. Rabalais, Turner, & 
Scavia, 2002; Steffen et al., 2015). 
1.1.1 Fate and Mobility of Nitrogen 
N cycles through ecosystems driven by biotic and abiotic processes (Figure 1).  The 
productivity and community structure of terrestrial, freshwater and marine ecosystems 
are a product of the availability of N (Galloway, 2003; Ussiri & Lal, 2013; P. Vitousek et 
al., 1997; P. M. Vitousek et al., 1997).  As a result, changes from the natural N cycle can 
have resounding impacts on the environment. 
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Figure 1. Primary net N cycle fluxes (Tg-N/yr) from terrestrial, atmospheric, and marine 
reservoirs. Internal cycling is omitted for simplicity unless deemed necessary for context. The 
contemporary budget does not balance because of omitted fluxes and the large amount of 
uncertainty in the fluxes and pools of N. The assumption is that terrestrial inputs are increasing 
while marine N pools are decreasing. Estimates derived from Schlesinger & Bernhardt (2013). 
 
N is abundant in the atmosphere, accounting for 78% of air by volume. Natural 
mechanisms, including biological N fixation (BNF), a bacteria mediated process, converts 
the biologically unavailable N2 to NH4+, the bioavailable form preferred by plants. Today, 
there has been a significant increase in BNF due to the cultivation of N-fixing crops such 
as soybeans (Galloway et al., 2008; Houlton et al., 2013). Contemporary estimates of N 
fixation (natural BNF and crop BNF) in terrestrial and ocean pools are estimated to be 
120 Tg-N/yr and 150 Tg-N/yr, respectively (Schlesinger & Bernhardt, 2013). Additionally, 
the Haber-Bosch process is used to convert N2 to NH4 for synthetic fertilizer (Schlesinger 
& Bernhardt, 2013; Ussiri & Lal, 2013). 
 
Globally, wet and dry atmospheric deposition of nitrogen oxides (NOx) and volatilized 
ammonia (NH3) products contribute a significant source of N to terrestrial landscapes and 
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to the ocean. Annually, total N deposition is estimated at 64 Tg-N/yr and 67 Tg-N/yr on 
land and ocean, respectively (Schlesinger & Bernhardt, 2013).  
 
Immobilization and mineralization are the processes that govern the fluxes of SON to and 
from inorganic N. Under appropriate soil moisture and pH conditions, portions of the 
unused NH4 in the soil will be immobilized to form the soil organic N (SON) pool. 
Alternatively, the SON pool can also gain from decomposing plant residue (Meisinger, 
Calderon, & Jenkinson, 2008). Mineralization, the opposing reaction of immobilization, 
converts SON from the active pool to NH4+. NH4+, if not volatilized to the atmosphere, can 
be converted to nitrite (NO2-2) and subsequently to nitrate (NO3-) through the nitrification 
process (Galloway, 2003; Schlesinger & Bernhardt, 2013). Under anoxic conditions in the 
soils, NO3- can undergo partial denitrification, producing in gaseous N2O and NO, or full 
denitrification producing gaseous N2, after which are all lost to the atmosphere 
(Schlesinger & Bernhardt, 2013). The estimate of terrestrial denitrification is 
approximately 81 Tg-N/yr (Schlesinger & Bernhardt, 2013).  
 
The movement of inorganic N in the landscape is governed by molecular properties. NH4+ 
has a relatively short residence time in soils and is not generally mobile, as it tends to be 
used by plants, volatilize, or adsorb to soil surfaces (Follet, 1995). If NH4+ undergoes 
nitrification, it converts into the highly mobile species, NO3- (Galloway, 2003; Schlesinger 
& Bernhardt, 2013). The mobility of NO3- is caused by the negatively charged ion repelling 
the negatively charged clay minerals surface in the soils (Follet, 1995). Once NO3- is 
produced, unless it is converted back to NH4+ through immobilization, it can easily be 
leached into the groundwater and transported to nearby surface waters. This process is 
responsible for the increasing flow of N from the landscape into our water bodies (Follet, 
1995; Galloway, 2003; Nolan & Stoner, 2000).   
 
The role of N in an aquatic system is similar to its role in terrestrial systems: it supports 
the growth and productivity of vegetation. The supply of nutrients, including N, is 
transferred from land to the coastal ocean by rivers and groundwater (Galloway, 1998; 
Schlesinger & Bernhardt, 2013). N leaching to groundwater is estimated to be 18 Tg-N/yr, 
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which will eventually flow to rivers or oceans. The flux from the continent to the ocean 
conveyed through rivers, is estimated to be 58 Tg-N/yr  (Galloway, 2003; Schlesinger & 
Bernhardt, 2013). In the delivery process, sedimentation and denitrification remove a 
portion of N. With long residence times, particulate N can settle out of the water column 
in lakes and reservoirs. Once settled, the N can be resuspended or denitrified. Reservoirs 
and lakes remove approximately 19.7 Tg-N/yr of N (Schlesinger & Bernhardt, 2013). 
Additionally, under proper conditions (i.e., adequate organic matter and anaerobic 
conditions) rivers' hyporheic zones and groundwater aquifers can denitrify N, removing it 
from the system (Schlesinger & Bernhardt, 2013).  
 
N can enter estuaries, the coastal shelf, and oceans through three primary pathways, (1) 
transport from rivers, (2) fixation from atmospheric N, and (3) atmospheric deposition 
(Schlesinger & Bernhardt, 2013). Once in the ocean, N can be transferred to the 
atmosphere through denitrification in sediment or deep ocean, producing N2O or N2, or 
through volatilization of NH3 (Galloway, 2003; Schlesinger & Bernhardt, 2013). Marine 
denitrification is responsible for a large flux of N2O and N2 to the atmosphere, at the 
approximate rate of 300 Tg-N/yr (Schlesinger & Bernhardt, 2013). Alternatively, 
sedimentation removes 10 Tg-N/yr, which is assumed to be a terminal sink on short 
timescales. 
 
1.2 Consequences of Excess Nitrogen and N Cascade 
N cycling sustains life and underpins many essential functions in ecosystems. With 
anthropogenic perturbation, the disruption of the cycle could lead to excess or insufficient 
N, resulting in a stressed or over-productive system. When the natural cycle is perturbed, 
the relative magnitudes of pools and fluxes can change and can result in accumulations 
of N, threatening both human and ecosystem health. 
 
While N2 is a stable and inert compound, reactive N (Nr) is the class of biologically, 
photochemically, and radiatively active N compounds – mainly all N compounds excluding 
N2, including NH4+, NO3-, and NOx (Galloway et al., 2003). The movement of Nr in the 
landscape is responsible for:  
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• Nr causing eutrophication and hypoxia in the coastal ecosystems altering marine 
trophic structure (Diaz and Rosenberg, 2008);  
• Nr in groundwater increasing risks of cancer and methemoglobinemia (Ward et al., 
2018); and 
• Atmospheric Nr acidifying ecosystems and producing tropospheric ozone and 
aerosols and destroying stratospheric ozone (Davidson et al., 2011; Lloret & 
Valiela, 2016; Ravishankara, Daniel, & Portmann, 2009). 
 
As an Nr molecule migrates through the environment, cycling through pools, one single 
molecule can sequentially cause multiple different environmental and health impacts 
(Galloway et al., 2003). For example, N from a combustion process can be deposited, 
migrate to groundwater where it will contaminate drinking water, impacting an individual's 
health. The same Nr molecule can then migrate to a river through wastewater treatment 
discharge, where it can contribute to eutrophication in a coastal ecosystem. This 
cascading effect allows for Nr to have disproportionate effects as is moves through the 
perturbed N cycle (Galloway et al., 2003).  
1.2.1 Nitrogen Contamination and Ecosystem Services 
Anthropogenic use of N has changed the transport of excess nutrients, including nitrogen 
and phosphorus, and the seasonality of the transport regimes, ultimately threatening 
water quality and ecosystem function (Van Meter, Chowdhury, Byrnes, & Basu, 2019). 
Specifically, excess nutrients cause algal blooms and eutrophication of freshwater bodies 
and estuaries (Michalak et al., 2013; Van Meter & Basu, 2017; Vero et al., 2017) and the 
development of hypoxic zones in estuary and coastal ecosystems (Diaz & Rosenberg, 
2008; Michalak et al., 2013; Nancy N. Rabalais et al., 2002; Van Meter, Basu, & Van 
Cappellen, 2017; Van Meter, Van Cappellen, & Basu, 2018; Vero et al., 2017), all of which 
result in the general loss of habitat and biodiversity (Orth et al., 2017; P. M. Vitousek et 
al., 1997).  
 
Eutrophication is the process by which a water body is enriched with nutrients 
promoting excess growth. Unlike inland water bodies, which have been shown to be 
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phosphorus-limited systems (David W. Schindler, Carpenter, Chapra, Hecky, & Orihel, 
2016; D. W. Schindler & Fee, 1974), estuarine and coastal systems are N-limited, and 
excess anthropogenic N drives widespread algal blooms and subsequent hypoxic zones 
(Bristow, Mohr, Ahmerkamp, & Kuypers, 2017; Howarth et al., 2011). In addition, some 
argue that multiple nutrients in concert drive eutrophication and algal blooms, and thus 
that excess N may also play a role in water quality degradation in inland waters as well 
as coastal ecosystems (Conley et al., 2009; Lewis, Wurtsbaugh, & Paerl, 2011; Paerl, 
2009).  
 
Hypoxia, the condition of low oxygen in the water column, is caused by eutrophication of 
water bodies. As nutrients promote the growth of excess algae, the aerobic process of 
decomposition of the organic matter consumes the dissolved oxygen in the water column. 
Hypoxia is the state in which the oxygen concentration of a body of water is less than 2 
mL of O2/L, often occurring below the lower half to two-thirds of the water column (Nancy 
N. Rabalais & Turner, 2001). In these low oxygen areas, aquatic life is unable to survive 
and are thus referred to as “dead zones.” Globally dead zones have been increasing since 
1960 (Diaz & Rosenberg, 2008), and are now reported in more than 400 systems, totaling 
an area larger than 245,000 km2 (Figure 2). Incidences have occurred in the Gulf of 
Mexico, Baltic, Kattegat, Black Sea, and East China Sea (Caballero-Alfonso, Carstensen, 
& Conley, 2015; Conley et al., 2011; Diaz & Rosenberg, 2008; N. N. Rabalais et al., 2009; 
Turner & Rabalais, 2018). 
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Figure 2. Reported accounts of over 400 eutrophication associated hypoxic zones and 
excess nutrients (Diaz & Rosenberg, 2008). 
Low oxygen areas in coastal waters result in a high mortality rate for aerobic aquatic 
organisms, a loss of habitat for many bottom-dwelling and benthic fauna, a loss of 
biodiversity, and a general alteration of trophic structure (N. N. Rabalais et al., 2009). 
These changes have a direct impact on society and coastal communities as estuaries 
and coastal environments provide a multitude of services, including tourism, recreation, 
and provisions from fisheries (Conley et al., 2011; Howarth et al., 2011; N. N. Rabalais et 
al., 2002). 
1.2.2 Nitrogen Contamination and Human Health 
In the U.S., 45 million people (14% of the population) receive their drinking water from 
groundwater wells, any of which are unregulated by the Environmental Protection Agency 
under the Safe Drinking Water Act. An estimated 15 million people live in areas that have 
groundwater nitrate levels exceeding 1 mg-N/L, above the threshold of naturally occurring 
nitrate, and approximately 1.2 million people living in areas with groundwater nitrate levels 
between 5 mg-N/L and 10 mg-N/L. A national survey of drinking water wells found that 
6% of the wells sampled (2,388 domestic wells and 384 public supply wells) exceeded 
the Maximum Contaminant Level (MCL) of 10 mg-N/L (N. M. Dubrovsky et al., 2010).  
 
The regulatory standard of 10 mg-N/L was established to protect infants from 
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methemoglobinemia (Dubrovsky et al., 2010; Nolan & Stoner, 2000). The ingestion of 
NO3- from contaminated groundwater can inhibit the oxygen-carrying capacity of the 
blood through the preferential binding of  NO2-2 to hemoglobin in place of oxygen  (The 
World Health Organization, 2010; Mary H. Ward, 2009). Growing evidence suggests that 
ingesting nitrates can also increase the risk of a range of other illnesses. Ingestion can 
trigger the in vivo formation of N-nitroso, a compound found to be potent animal 
carcinogens and is probably carcinogenic to humans (The World Health Organization, 
2010; Mary H. Ward, 2009). There have been few mechanistic studies relating nitrate 
ingestion to cancer and diseases in humans, however case-studies in the U.S. have 
positively associated high nitrate drinking water concentrations with bladder cancer, 
breast cancer, ovarian cancer (Dubrovsky et al., 2010; Mary H. Ward, 2009; Mary H. 
Ward et al., 2018; Weyer et al., 2001), thyroid disease (Aschebrook-Kilfoy et al., 2012; 
Mary H. Ward et al., 2018), colorectal cancer, birth defects (Mary H. Ward et al., 2005, 
2018), and non-Hodgkin lymphoma -- although subsequent studies have also found no 
link between NO3- and non-Hodgkin lymphoma (Mary H. Ward, 2009; M. H. Ward et al., 
1996). While much research is still needed to fully understand the negative impacts of 
ingesting nitrate-contaminated water, the most current findings suggest that populations 
may be at risk even at concentrations well below regulatory limits (Mary H. Ward et al., 
2018). 
1.2.3 N Atmospheric Pollution and Greenhouse Gasses Production 
NOx and ammonia (NH3) comprise the majority of atmospheric emissions. There are 
multiple pathways to producing atmospheric gas. NOx is produced primarily as a 
byproduct of the combustion of fossil fuels from vehicles, electric power generating units, 
and other industrial and natural combustion sources. N2O is from incomplete 
denitrification in soils and of manure (Schlesinger & Bernhardt, 2013). Similarly, NH3 is 
volatilized from fertilizer and manure (Houlton et al., 2013; Lloret & Valiela, 2016; Reis, 
Pinder, Zhang, Lijie, & Sutton, 2009).  
 
In the combustion process, the introduction of atmospheric N2 from the air intake, 
combined with high temperatures in the combustion chamber, will oxidize N2 and create 
unwanted byproducts of NOx (Galloway, 2003). While the denitrification of N2O is a natural 
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process, increased inputs of N from fertilizer, manure production, and BNF from row crops 
provide the system with a larger pool of N to be denitrified (Davidson et al., 2011; 
Galloway, Schlesinger, Hiram, Schnoor, & Tg, 1995; Houlton et al., 2013). The increasing 
demand for energy and the intensification of agriculture in the last century has resulted in 
an increase in NOx and N2O emissions from 2 Tg-N/yr in 1940 to 7 Tg-N/yr in 1980. 
Between 1980 and 1990, emissions remained relatively constant, however, had a 
subsequent decreased by approximately 40% to 50% from 1990 to 2010 owing to point 
source control in the Clean Air Act Amendments in the 1990s (Houlton et al., 2013; Li et 
al., 2016; Lloret & Valiela, 2016).  
 
Passage of the U.S. Clean Air Act was driven by concern regarding the acidification of 
lakes and surface water bodies due to  atmospheric sulfur and N deposition (Kahl et al., 
2004). In the atmosphere, NOx converts to HNO3- and particulate NO3-, which can be 
deposited to the land surface via rainfall, known as wet deposition, or by gravity in 
particulate form, known as dry deposition (National Atmospheric Deposition Program, 
2000). Acidification can result in shifts of the plant community, can affect plant 
populations, and can negatively impact overall forest health (Lloret & Valiela, 2016; 
Marinos, 2018; National Atmospheric Deposition Program, 2000).  
 
NOx can both create and destroy ozone, depending on where it occurs in the atmosphere 
(Davidson et al., 2011; Ravishankara, Daniel, & Portmann, 2009). In the troposphere, 
complex photochemical reactions with NOx gasses will create ozone and aerosols 
(Davidson et al., 2011; Galloway et al., 1995). The products of the reaction in the 
troposphere act as greenhouse gases, which is linked to climate change (Li et al., 2016; 
Reis et al., 2009). In the stratosphere, NOx has the opposite effect, where nitrogen oxide-
catalyzed processes destroy stratospheric ozone, which can lead to the degradation of 
the UV-protective ozone layer (Ravishankara et al., 2009; Reis et al., 2009).  
 
Anthropogenic NH3 can be produced through the volatilization of NH3 from fertilizer and 
manure (Davidson et al., 2011; Li et al., 2016; Lloret & Valiela, 2016). Unlike NOx 
emissions, NH3 is not regulated by the Clean Air Act (Davidson et al., 2011). It was 
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estimated that in 2006, 2.8 Tg-N/yr was deposited in the U.S, and this is expected to 
increase to between 3.3 and 4.2 Tg N/yr by 2050 (Li et al., 2016). Similar to NOx, NH3 
can produce atmospheric aerosols resulting in an increased greenhouse gas effect 
(Behera, Sharma, Aneja, & Balasubramanian, 2013; Davidson et al., 2011). Additionally, 
NH3 is the primary basic gas in the atmosphere and thus has an essential role in 
determining the pH of precipitation and can impact the pH of the ecosystem where it 
deposits (Behera et al., 2013). Unlike NOx that generally deposits far from the emission 
source (Lloret & Valiela, 2016), NH3 has a relatively short residence time in the 
atmosphere and is often assumed to deposit locally (Hong, Swaney, & Howarth, 2013; 
Howarth et al., 1996) 
1.3 Current Water Quality and Response to Mitigation 
The degradation of groundwater, inland, and coastal waters, has led to the establishment 
of major policy goals to improve water quality by controlling point source and nonpoint 
source loadings. For example, the 2008 Gulf Hypoxia Action Plan encouraged all 
stakeholders in the Mississippi/Atchafalaya River Basin (MARB) to develop strategies to 
reduce nutrient loadings to the Gulf of Mexico. The outcome was 19 members, ranging 
from federal and state agencies, tribes, and other partners, establishing individual nutrient 
reduction frameworks specific to state needs. The goal of the Hypoxia Task Force was to 
decrease the five-year running average areal extent of the hypoxic zone in the Gulf to 
5,000 km2 by 2015 (USEPA, 2017). Two of the states in the Hypoxia Task Force,  Illinois 
and Iowa, are estimated to contribute 16.8 and 11.3% of the total N flux to the Gulf of 
Mexico, respectively (Alexander et al., 2008). In response to the Gulf Hypoxia Action Plan, 
Illinois developed a Nutrient Loss Reduction Strategy to quantify and reduce nutrient loss 
from Illinois watersheds to the Gulf (IEPA, IDOA, & University of Illinois Extension, 2015). 
The implementation of strategic plans has been considered successful. There has been 
a doubling of agricultural best management practices between 2011 and 2015, including 
cover crops, field buffer strips, and wetlands. Similarly, in 2010, the Iowa Nutrient 
Reduction Strategy (NRS) was drafted. Since 2011, Iowa has installed over 300,000 
acres of cover crops and 37,000 acres of engineered wetlands (INRC, 2019). 
Furthermore, there has been over $1.3 billion in the last three years (2016 to 2018) to 
NRS-related efforts and best management practices implementation (INRC, 2019). 
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Despite concerted efforts to control point source and nonpoint source loadings by many 
organizations and working-groups, water quality threats persist (Ribaudo, 2015). Riverine 
and aquifer nitrate concentrations are, in many cases, not responding proportionally to 
changes in management. For example, in Iowa, there has been massive investments of 
effort and resources,  but no decipherable decreases in annual N loads, as per the 2018 
report (INRC, 2019). In Illinois, significant progress has been made in implementing of 
nutrient reduction strategies,  but there have only been a 10% decrease in N loads in 
Illinois rivers compared to 1980 to 1996 baseline (IEPA, IDOA, & University of Illinois 
Extension, 2017). The size of the Gulf of Mexico summer hypoxic zone demonstrates the 
lack of response to N management efforts in the Mississippi River Basin. In 2017, the 
hypoxic zone was declared the largest ever measured, at over 22,000 km2, more than 
four times the size of the 2015 goal set forth by the Mississippi River/Gulf of Mexico 
Watershed Nutrient Task Force (USEPA, 2017; Van Meter et al., 2018).  
 
The lack of progress is not unique to the MARB. Since 1987, the Chesapeake Bay 
Program, in partnership with the EPA and state-level government, has been committed 
to reducing “controllable” nutrients into the Chesapeake Bay by 40% by the year 2000 
(Reckhow et al., 2011). In the Great Plains, the USDA Natural Resources Conservation 
Service has implemented the Ogallala Aquifer Initiative. It has invested over $26 million 
over 6 years (2011 to 2017) to conserve water resources, part of which is to improve 
water quality (USDA, 2017). In the Chesapeake Bay, a 2011 report had concluded that 
efforts did not achieve the nutrient reduction goals (Reckhow et al., 2011). Despite 
decreases in N loading, the biennial report card in 2018 for the “State of the Bay” in the 
Chesapeake Bay gave N pollution a grade of F, 5 points lower than the score in 2016 
(Chesapeake Bay Foundation, 2019). Similarly, in the Ogallala aquifer, high levels of 
NO3- persist with concentrations in public wells with some exceeding 20 mg-N/L in 2017 
(Juntakut, Snow, Haacker, & Ray, 2019; Nebraska Department of Environmental Quality, 
n.d.; Reedy & Scanlon, 2017). 
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1.4 Missing Nitrogen: Accumulation and Legacy N 
It has been argued that such lack of success can be attributed to build up of legacy N in 
the landscape. Indeed, N mass budgets across various watersheds of the world reveal 
that inputs are routinely greater than the outputs, and the difference between the two is 
commonly referred to as N surplus (Boyer, Goodale, Jaworski, & Howarth, 2002; Goyette, 
Bennett, Howarth, & Maranger, 2016; Hong et al., 2013, 2012). These studies have 
repeatedly demonstrated that exports account for between 20% and 30% of the N surplus 
(Billen, Thieu, Garnier, & Silvestre, 2009; Boyer et al., 2002; Han & Allan, 2008; Hong et 
al., 2013; Howarth, Boyer, Pabich, & Galloway, 2002; Van Breemen et al., 2002). 
However, as implied, the inputs routinely exceed the export. The remaining 70% to 80% 
of unaccounted N surplus is partitioned to the N retention pool, which has largely been 
unquantified at watershed-scale.  
 
There are four pathways for the N in the retention pool: (1) loss through denitrification, (2) 
conversion to SON, (3) stored in the unsaturated zone as dissolved inorganic N, or (4) 
stored in groundwater aquifers as dissolved inorganic N (Ascott, Wang, Stuart, Ward, & 
Hart, 2016; Van Breemen et al., 2002; Van Meter, Basu, Veenstra, & Burras, 2016). There 
is considerable uncertainty about the magnitude of fluxes and pool sizes, however recent 
studies have quantified the pools in the Mississippi River Basin and the Susquehanna 
(Van Meter et al., 2017). Prior to this, many studies attributed the N retention primarily to 
losses through the denitrification processes, converting inorganic N to N2O or N2 (Billen 
et al., 2009; Bouwman et al., 2013; N. Chen, Hong, Zhang, & Cao, 2008; Filoso et al., 
2003; Liu, Watanabe, & Wang, 2008; Quynh et al., 2005; Swaney, Hong, Ti, Howarth, & 
Humborg, 2012; van Egmond, Bresser, & Bouwman, 2002; Worrall, Howden, & Burt, 
2015). To bolster the notion of alternative fates of N in the subsurface, a study of the 
Mississippi River Basin (MRB) found riverine export accounts for 23% of the net N inputs, 
and accumulation in the soil as SON accounts for 53% of net N inputs. The remaining 
24% of N is lost through denitrification, reservoir accumulation, and groundwater storage 
(Van Meter et al., 2016). A similar study of Cedar Basin in Iowa found riverine export and 
denitrification accounts for 28% and 23% of the net N inputs, respectively. Subsurface 
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storage accounted for the remaining 49% of net N inputs, which included groundwater 
and soil profile storage (Ilampooranan, 2019). 
1.4.1 Evidence of Legacy N in Soil and Groundwater Pools 
Parallel to mass balance studies that allude to the possibility of a legacy build up in the 
landscape, there have also been direct estimates of legacy nitrogen storage, as SON, 
and in soil water and groundwater (Ascott et al., 2016; J. B. Gardner & Drinkwater, 2009; 
Van Meter et al., 2017). The potential of nitrogen accumulation in the soil organic matter 
pool was first uncovered by Van Meter et al. (2016).This challenged the existing paradigm 
that soil organic matter content in agricultural soils was generally decreasing because of 
continuous cropping and minimal replenishment of nutrients (Arrouays & Pelissier, 1994; 
Baker, Ochsner, Venterea, & Griffis, 2007; Billen et al., 2009; Gál, Vyn, Michéli, Kladivko, 
& McFee, 2007). Furthermore, the high solubility and mobility of NO3- also led to the 
assumption that N stores in the SON pool are unlikely to increase. Through a longitudinal 
soil sample analysis in the Mississippi River Basin, (Van Meter et al., 2016) found that 
within the root zone of agricultural soils (top 1m) there was a total yearly TN increase in 
Iowa and Illinois soils of 30.8 ± 11.4 kg-N/ha/yr, and 70.3 ± 10.0 kg-N/ha/yr, respectively. 
Comparatively, a 30-year 15N tracer study conducted near Châlons en Champagne, 
France, in lysimeters simulating agricultural land use had found evidence of soil N 
storage. After 30 years,12% to 15% of labeled fertilizer was still present, stored in the soil 
organic matter (Sebilo, Mayer, Nicolardot, Pinay, & Mariotti, 2013). 
 
While it is generally accepted that dissolved nitrate can accumulate in the unsaturated 
zone, Ascott et al (2016) was the first to quantify the stored mass at a global scale. Areas 
that coincide with thick unsaturated zones and agricultural land use are expected to have 
delays in the leaching of N from the soil to groundwater. Long travel times through the 
unsaturated zone results in large pools of inorganic N, primarily in the form of NO3-, 
stored in the unsaturated zone (Ascott et al., 2016). The stores increase with time, as the 
rate of N inputs exceeds the N leaching rate from the zone to the aquifer. Ascott et al 
found that large amounts of nitrate stores have developed in North America, China, and 
Central and Eastern Europe from the coincidence of slow travel times and high N 
loadings. In particular, contemporary modeled unsaturated zone storage estimates in the 
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U.S. predicted ranges from negligible amounts (approximately 0 kg-N/ha) to over 4000 
kg-N/ha. Spatially, the stores of N in the unsaturated zone are primarily in the Great Plains 
and prairie land (Ascott et al., 2017). Similarly, a total N mass balance study, including 
denitrification exports, in the Thames, UK catchment had increasing subsurface N stores 
of 55 kg-N/ha/yr over 35 years (1,925 kg-N/ha) (Worrall et al., 2015).  
 
Lastly, the existence of N storage caused by long travel times in the subsurface is well 
accepted in the literature (Hamilton, 2012; Meals, Dressing, Tech, Davenport, & 
Protection, 2010; Sousa, Jones, Frind, & Rudolph, 2013; Tomer & Burkart, 2003). The 
travel times are estimates of the time required for N to be transported in the subsurface 
(unsaturated zone and groundwater aquifer), for which the portion of N in transit is 
considered a storage of N. It should be noted that in areas with shallow groundwater 
aquifers, the travel time in the unsaturated zone is negligible, thus the travel times refer 
to travel through the groundwater pool. As unsaturated zone storage was discussed in 
the previous paragraphs, travel time will be discussed in the context of groundwater travel 
times.  
 
Estimation of groundwater travel time is a function of hydraulic conductivity and 
topography gradient, and soil porosity (Schilling & Wolter, 2007). The long hydrologic 
transport times in the procs of leaching of inorganic N through the unsaturated zone and 
groundwater delays its transport to the stream. The inherent heterogeneity in watershed 
results in distributions of groundwater travel times spanning days to decades. An estimate 
of groundwater travel time of Walnut Creek in Iowa watershed varies from 7 days to a 
maximum travel time of 308 years, with a mean of 10.1 years (Basu, Jindal, Schilling, 
Wolter, & Takle, 2012; K. E. Schilling & Wolter, 2007). The South Fork watershed in Iowa 
had travel times ranging from 32 days to travel times exceeding 50 years in poorly drained 
clayey soils (Ilampooranan, Van Meter, & Basu, 2019). The mean travel time distribution 
was 13 years, similar magnitude to the mean travel time in Walnut Creek watershed. 
Given the long travel times, the average storage of N in the subsurface of 10 years and 
annual inputs of N from anthropogenic activities, accretion in the groundwater pool is 
inevitable. In the Thames, UK watershed estimated accumulated groundwater store 
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peaking at 1,571 ktonne (106 kg) in the early 2000s (Worrall et al., 2015). In the 
Mississippi and Susquehanna river basins, the increasing cumulative N stores had almost 
exceeded 500 kg-N/ha and 1,000 kg-N/ha by 2013, respectively (Van Meter et al., 2017). 
1.4.2 Time Lags and Water Quality Response 
Storage of N the unsaturated zone, in the SON pool, or the groundwater pool, can all lead 
to delays in catchment-scale nutrient delivery, thus significantly delaying the response of 
water quality to changes in the landscape. Large stocks of N, a result of fertilization and 
organic N inputs, will result in a legacy N providing a constant source of N for multiple 
decades, even if N inputs are abated (Haag & Kaupenjohann, 2001; Van Meter & Basu, 
2017).  
 
Watershed-scale time lags have been estimated in subwatersheds within the Grand River 
Watershed (GRW) in Southern Ontario in Canada (Van Meter & Basu, 2017) and in the 
agriculturally dominated Holtemme catchment in Germany (Ehrhardt, Kumar, 
Fleckenstein, Attinger, & Musolff, 2019). Here, time lag is defined as the delay between 
changes in annual N inputs and subsequent changes in water quality (Van Meter & Basu, 
2017). Time lags have been estimated to range between 7 and 34 for GRW, and 7 to 22 
for the German catchment. Time lags were found to depend on climate and landscape 
controls including season (high flow in winter and spring versus low flow season in 
summer and fall), anthropogenic N inputs, landscape slope, fractional tile-drained area, 
percent wetland, and population density (Ehrhardt et al., 2019; Van Meter & Basu, 2017; 
Van Meter et al., 2017).  
 
Another study of N net input and riverine dynamics was also undertaken in seven 
predominantly agricultural watersheds (agriculture land use between 74% and 91%) in 
the Brittany region in western France (Dupas, Minaudo, Gruau, Ruiz, & Gascuel‐Odoux, 
2018). As in the GRW in southern Ontario, their results show significant nonlinearity 
between N inputs and N loads. The strong hysteresis effect is indicative of time lags where 
watershed had periods of stationary or decreasing N inputs with increasing N loads. The 
study provides evidence of the time lags, as the accumulation in the shallow groundwater 
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in these catchments led to a mean time lag between N net inputs and riverine 
concentrations of 10 years (Dupas et al., 2018).  
 
1.5 Nutrient Budgets in the U.S. 
Existing N surplus budgets are for various spatial scales, for specific periods and at 
coarse spatial resolutions. Such datasets are compiled at administrative boundaries or 
watershed boundaries in the U.S. Many studies are based only on snapshots in time, 
multiyear averaging of N inputs and outputs, or quantify N surplus for limited periods and 
for limited regions (Table 1). The methodology and coverage of the studies limit the ability 
to effectively capture long-term responses to changes in inputs. The onerous data 
compilation and processing required for an N budget have limited the development of 
long-term datasets with a national spatial scale at a high spatial resolution (Goyette et al., 
2016; Green et al., 2004; Van Meter et al., 2017). Furthermore, select datasets compiled 
at watershed scale have attempted to close the N budgets by accounting for losses in the 
system through denitrification and N export to riverine. As denitrification is difficult to 
measure, it is often used as a balancing term. This approach assumes steady state on 
either on a yearly basis or over a multiyear period (Chen et al., 2018; David & Gentry, 
2000; Green et al., 2004; Howarth et al., 2006). Indeed, it is increasingly recognized that 
there may be decadal-scale time lags between changes in N inputs and measurable 
changes in water quality.
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Table 1. Existing N budgets for the United States. Studies range in different spatial and temporal scale and resolution.  
Location/Extent Spatial Scale Temporal Scale Limitation Citation 
Global Watershed-scale 
Crop data: 1993 county yields 
Livestock: 1993 county heads 
Fertilizer: County use 
Atmospheric Dep: 2.5o x 3.25O and  
10o x 10o 
Snapshot year, 1980 Spatial scale is too coarse. 
Temporally limited. 
(Howarth et al., 
1996)  
Conterminous U.S.  Watershed-scale 
Crop data: County yields 
Livestock: County livestock heads 
Fertilizer: County use 
Atmospheric Dep: Countour maps 
Snapshot year, 
approximately in the 1980 
Temporally limited (Jordan & 
Weller, 1996)  
Illinois state State-scale data  
Crop data: State yields 
Livestock: State number of heads 
Fertilizer: State sales 
Atmospheric Dep: Station data 
Population: State population 
1945 to 1998 Spatial scale is too coarse. 
Temporally limited 
(David & Gentry, 
2000)  
Northeastern U.S  County-scale data 
Crop data: County yields 
Livestock: County number of heads 
Fertilizer: County sales 
Atmospheric Dep: Station data 
Population: County population 
Forest Land Use: County scale 
Average over 1988 to 1993 Spatially limited. Temporally 
limited. 
(Boyer et al., 
2002; Van 
Breemen et al., 
2002)  
Global 30o Gridded data 
Crop data: Country yields 
Livestock: Country number of heads 
Fertilizer: County fertilizer use 
Atmospheric Dep: 12 km x 12 km grid 
Population: 1km x 1km population grid 
Snapshot of contemporary 
values 
Spatial scale is too coarse. 
Temporally limited 
(Green et al., 
2004)  
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Conterminous U.S.  Counties and watersheds 
Crop data: County yields 
Livestock: 100 km x 100 km density 
Fertilizer: Country fertilizer use 
Atmospheric Dep: 12 km x 12 km grid 
Population: County population  
1987 to 2012 Spatially limited. Temporally 
limited. 
 (Hong, Swaney, 
& Howarth, 
2011; Hong et 
al., 2013) 
Mississippi and 
Susquehanna 
watersheds 
Watershed-scale 
Crop data: State yields 
Livestock: State number of heads 
Fertilizer: County fertilizer use 
Atmospheric Dep: 4 km x 4 km and 100 km x 100 
km grid 
Population: County population 
1850 to 2015 Spatially limited. Spatial scale 
is too coarse. 
(Van Meter et 
al., 2017)  
St. Lawrence sub-
basin (U.S. and 
Canada) 
Watershed-scale 
Crop data: County yields 
Livestock: County number of heads 
Fertilizer: County fertilizer sales 
Atmospheric Dep: 12 km x 12 km grid 
Population: County population 
1901 to 2011 Spatially limited. (Goyette et al., 
2016)  
Iowa Cedar Basin, 
IA 
Watershed-scale 
Crop data: County yields 
Livestock: County number of heads 
Fertilizer: County fertilizer sales 
Atmospheric Dep: 250 m x 250 m and 100 km x 
100 km grid 
Population: County population 
1949 to 2012 Spatially limited. Temporally 
limited.  
(Ilampooranan, 
2019)  
North-central 
United States and 
southeast Canada 
Field Scale, US 
All data came from meta-analysis of field sites 
across the U.S.  
Annual, prior to 2016 Spatially limited. 
Temporally limited.  
(McLellan et al., 
2018)  
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Over the past two decades, the compilation of N budgets in the U.S. demonstrates the 
many attempts to quantify N in the environment. However, the resolution, temporal, and 
spatial scale of existing datasets are limited. Sources of nitrogen have been dynamic 
spatiotemporally over the past century driven by technological, land use, and economic 
and policy changes (Brown, Johnson, Loveland, & Theobald, 2005; Dimitri, Effland, & 
Conklin, 2005; Office of the New York State Comptroller: Division of Local Government 
Services & Economic Development, 2004; Yu & Lu, 2018). Inappropriate methods, and 
limited spatial and temporal scales impede the ability to effectively capture long-term 
trends, and responses to changes in N usage in the U.S. A dataset with a longer record 
allows for an accurate estimation of the N retention pool and the analysis of the N surplus 
trend.  
1.6 Objectives 
While recent work has shown evidence of legacy nitrogen accumulation in various 
subsurface pools, and quantified time lags to water quality response due to these legacy 
stores, there remains a significant gap in quantifying legacy accumulation at continental 
to global scales. Mass budget studies done over multiple decades provides an upper 
bound of legacy accumulation. One of the primary knowledge gaps lies in quantification 
of the time trajectories of N mass budget at large scales. Most mass budget studies, as 
shown before, are either spatially limited (regional or watershed scale), or regional but 
temporally constrained (last few years). The study addresses this knowledge gap. The 
overall objective of this research is to compile a conterminous U.S. scale N surplus 
dataset beginning before anthropogenic N began to grow exponentially to understand the 
temporal and spatial distribution of N and legacy N in the U.S. 
 
Objective 1: Reconstruct historical N inputs and outputs from 1930 to 2017 to 
quantify the N retention pool to facilitate the temporal and spatial 
analysis of trends of legacy N. 
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Objective 2: Develop typologies based on N surplus time series, identify drivers 
to provide a tool for nutrient management decision-making, and 
identifying areas with potentially high N accumulation. 
 
2.0 Methods 
In Section 2 the methods for the data compilation and analyses conducted in the study 
are presented. Section 2.1 describes data and methods compilation of the N surplus 
dataset. It includes the sources and process flow of pulling together disparate data 
sources. Section 2.2 describes the clustering technique used to explore trends and 
drivers and develop typologies.  
2.1 Estimation of N Surplus 
We used a simple mass balance approach to quantify the nitrogen surplus (N surplus) in 
each county in the CONUS. We estimated county-scale nitrogen surplus across the 
CONUS as the difference between N inputs and N outputs into the landscape. This mass 
balance approach is adapted from the conceptual framework in previous studies (Boyer 
et al., 2002; Goyette et al., 2016; Hong et al., 2011, 2013). The methodology also expands 
on the common anthropogenic sources of nitrogen mass balance (Boyer, Goodale, 
Jaworski, & Howarth, 2002; Hong et al., 2011) approach by expanding crop types to better 
represent states with dominant non-field crops. N surplus is a partial mass balance 
defined as the difference between the inputs and usable outputs of N in the following 
equations (Ehrhardt et al., 2019; Van Meter & Basu, 2017). 
 
𝑁𝑆𝑈𝑅𝑃𝐿𝑈𝑆 = 𝑁𝑖𝑛 − 𝑁𝑜𝑢𝑡 Equation 1 
𝑁𝐼𝑁 = 𝐷𝐸𝑃 + 𝐹𝐸𝑅𝑇 + 𝐵𝑁𝐹 + 𝑃𝑅𝑂𝐷𝐿𝐼𝑉𝐸𝑆𝑇𝑂𝐶𝐾 + 𝑃𝑅𝑂𝐷𝐻𝑈𝑀𝐴𝑁 Equation 2 
𝑁𝑂𝑈𝑇 = 𝐶𝑅𝑂𝑃𝐻𝐴𝑅𝑉𝐸𝑆𝑇 Equation 3 
 
Here, DEP is atmospheric nitrogen deposition (kg-N/ha/yr) FERT is inorganic nitrogen 
fertilizer inputs (kg-N/ha/yr), BNF is biological nitrogen fixation (kg-N/ha/yr). The two 
waste production components from livestock and humans are referred to as 
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PRODLIVESTOCK and PRODHUMAN. The only removal term in the N surplus calculation is 
the nitrogen removed from crop biomass harvest and pastureland grazing (CROP-
HARVEST). It is not intended to outline internal pathways of N, nor is it complete 
quantification of N in the soil because N not removed through crop uptake can either be 
stored or exported. However, the advantage of N surplus is that the data are available at 
county level and with higher degree of certainty (Norton et al. 2015).  
 
It should be noted that N in the body mass of livestock and N consumed by livestock is 
captured in the PRODLIVESTOCK term (Eqn. 4).  
 
𝑃𝑅𝑂𝐷𝐿𝐼𝑉𝐸𝑆𝑇𝑂𝐶𝐾 = 𝑁𝐶𝑂𝑁𝑆𝑈𝑀𝐸𝐷 − 𝑁𝐵𝑂𝐷𝑌 𝑀𝐴𝑆𝑆  Equation 4 
 
Here PRODLIVESTOCK is the waste produced by the animal, NCONSUMED is the portion of N 
consumed by the animal, and NBODY MASS is the N that is stored in the animal.  
 
The temporal and spatial resolution of the input datasets are provided in Table 2. The 
following section describes the calculation of the various components of N surplus. The 
following section describes the calculation of the various components of N surplus. 
 
The system boundary over which this analysis is done is the county and, the inputs are 
calculated at the county-scale. The three other components of the mass balance are 
denitrification in soil, river, or WWTP, and riverine and groundwater export out of the 
county boundaries. Theses losses are very difficult to estimate, may not be practice (i.e 
stream export at a county scale), and have large uncertainties. Given the significant 
uncertainty in computing these fluxes without a process base we have here focused our 
analysis on N surplus which is the most certain parts of the budget.  
 
County boundaries were not static throughout the time period, as documented in the Atlas 
of Historical County Boundaries (Long, 2010). To generate a static county map, counties 
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that had merged or separated between 1930 and 2017 were merged for the entire time 
period (Supplemental Table 2).  
Table 2. Data types and sources used to estimate the N surplus in the CONUS. 
 N Surplus 
Component 
Data Type Data Source Temporal Resolution Spatial Resolution 
Human Waste 
(+) 
Human 
Population 
U.S. Census 
Bureau 
1930 to 1990 (decadal) 
1990 to 2017 (annual) 
County-scale 
Crop Removal 
(-) 
Crop Production USDA 
Agriculture 
Census 
1930 to 2017 (5-year) County-scale 
 Cropland and 
Pastureland 
Ramankutty and 
Foley (1999) 
1700 to 2007 
(subset 1930 to 1945) 
0.5° by 0.5°  
Biological N 
Fixation 
(+) 
Crop Production USDA 
Agriculture 
Census 
1930 to 2017 (5-year) County-scale 
Livestock Manure 
(+) 
Animal Inventory USDA 
Agriculture 
Census 
1930 to 2017 (5-year) County-scale 
 
Broiler 
Consumption 
 
1930 to 1969 
(5-years) 
National 
Fertilizer 
(+) 
County Fertilizer USDA ERS 2017 National 
 
County Fertilizer USGS 1987 to 2012 
(annual data 
corresponding to census 
years were selected)  
County-scale 
 
County Fertilizer USGS 1945 to 1987 
(annual data 
corresponding to census 
years were selected)  
County-scale 
 
Raster Fertilizer Cao et al. (2017) 1930 to 1945 
(annual data 
corresponding to census 
years were selected)  
1 km by 1km 
Atmospheric 
Deposition 
(+) 
Wet N 
Deposition Grid 
NADP TDEP 1986 to 2017 4 km by 4 km 
 
Dry N 
Deposition Grid 
CASTNET 2000 to 2017 4 km by 4 km 
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National NOx 
Emission 
EPA, Houlton et 
al. (2013) 
1940 to 1986 National 
 
Global N 
Deposition 
Dentener (1999) 1930 to 1940 5o by 3.75o 
2.1.1 Human Waste Inputs 
Human waste inputs were estimated using population census data and information on 
annual N excretion rates (5 kg-N/cap/yr) (Hong et al., 2011). Decadal county-scale 
population census data were available from 1930 to 1990 (U.S. Census Bureau, 2007), 
and annual data were available after 1990 (U.S. Census Bureau, 2016). Between 1930 
to 1990, we interpolated decadal census data to estimate annual data. The N excretion 
rates were then used to convert annual county-scale population numbers to human N 
waste input. 
2.1.2 Crop Uptake 
Crop N uptake was estimated using the information on crops harvested in each county 
and the N content in each crop (USDA-NASS, 2017). We identified the most common 
crops in each county, by selecting crops such that we covered 97% of the county-scale 
cropped area (USDA National Agricultural Statistics Service Cropland Data Layer, 2010). 
Consequently, a total of 65 crops, including field crops, fruit and nut trees, fruits, and 
vegetables, were used in the N budget. The set of crops is much broader than accounted 
for in other studies such as (Hong et al., 2011) with 16 crops (including pasture) for uptake 
and six crops for fixation or Boyer et al. (2002) with eight crops for uptake and five crops 
for fixation. While field crops do dominate the crop uptake at the country scale, fruit, 
vegetables, and nuts are locally significant. For example, fruit and nut trees are significant 
in the southern U.S.   
 
The harvested unit of each crop is available in either area (acres) or mass (bushel, lbs, 
cwt, tons) units for each census year between 1930 and 2017. For fruit and nut trees, 
information is available as either the number of trees or acres of trees. Various 
assumptions were made to convert these to a mass of N in uptake across the years. First, 
when crop data was available in area unit (acres), crop yield (kg/acre) (Table XX) is used 
to convert the area into mass units. Given the lack of adequate data on temporally varying 
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yields, we used a constant yield across the years, at the state or national scale, based on 
data availability. The mass of crop harvested was converted into kg N by multiplying it 
with the N content of each crop. 
Another challenge was the conversion of fruit trees to a consistent unit. Between 1930 to 
1997, excluding 1969 and 1978, the census reports the number of trees. In all other years 
(1969, 1972, and 2002 to 2017), the census reports the acreage of trees. The compiled 
N uptake information for trees is available in units of kg N per tree. Thus, the acreage of 
trees was converted into the number of trees. To do this, we estimated the ratio between 
the number of trees and acres available at the county scale for the nearest census year 
and used this ratio to convert acreage to the number of trees. The number of trees was 
then converted to kg-N by multiplying with the N uptake of each tree obtained from the 
literature (Supplemental Table 3)  
Two of the 65 crops used in our national scale analysis were “cropland pasture” and “all 
pasture,” however, certain assumptions are made to address inconsistencies in the 
definitions of these two data types over time. Specifically, after 1945, cropland pasture is 
defined as “land that has been plowed within the last seven years and was used as 
pasture at the time of the census,” while in the earlier census years, this category did not 
exist. Non-cropland pasture after 1945 is defined as the “difference between all pasture 
and cropland pasture and includes areas such as woodland pasture and other low-quality 
pasture.” In order to estimate the cropland pasture and the non-cropland pasture values 
prior to 1945, we used a global dataset of pasture and cropland available annually from 
1700 to 1992 (Ramankutty and Foley, 1999). First, we clipped the global cropland and 
pastureland dataset to each county. We then used the percent change in cropland to 
scale the 1950 census cropland pasture values to 1930, and the percent change in 
pastureland to scale the non-cropland pasture, over the same time frame. 
   
Another challenge that we encountered while estimating crop N removal is the 
suppression of county-scale data, used to avoid disclosing data for individual operations. 
Specifically, if a county contains less than three farms growing a specific crop, the data 
is withheld at the county-scale, but included in the aggregated state totals. Missing data 
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were estimated using methods developed in previous studies (Hong et al., 2011; Van 
Meter, 2016). First, the sum of the missing data (mass, acres of crop harvested, or the 
number of trees) for all the suppressed counties in a state was estimated as the difference 
between the state-scale value, and the sum of all available county-scale data within that 
state. This missing data (or the difference) was then apportioned to all the counties with 
suppressed data using one of two methods. If data was available for that county for the 
previous census years, we apportioned the missing data as a function of the ratio between 
the county-scale and state-scale values. We used up to the three nearest past census 
years available. For example, to appropriation 1997 missing data, we would use ratios 
first from 1992. If 1992 county data were unavailable, it would subsequently use 1987, 
then 1982. This method assumes that the relative proportion of crops in the counties with 
concealed data has remained the same. However, if the data was not available for that 
county for the previous census years, we used the current year ratio between the 
harvested cropland at the county and state-scale to apportion the missing data. Here, we 
assume that counties with a higher fraction of harvested cropland will have a higher 
probability of containing the crop being distributed. After the counties with concealed data 
were populated, we used linear interpolation to convert census data into annual data. 
Figure 3 contains the process flow diagram of the steps outlined to generate our dataset.  
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Figure 3. The process flow diagram to estimate crop uptake (kg-N/yr) and crop fixation 
(kg-N/yr). Black is data used, red is process step, and blue are unit conversions.  
2.1.3 Biological N Fixation 
We estimated biological N fixation using nine crops, expanding on the crops that included 
in past studies. In addition to those used in Hong et al. (2011), we also included lentils 
and dried beans because of their local importance in select counties. BNF was estimated 
using the methodology developed by previous studies (Han & Allan, 2008; Hong et al., 
2013; Meisinger & Randall, 1991), converting harvested mass or area to mass of N fixed.  
  
BNF for crop harvest reported in mass units (ex. bushels, tons, pounds, hundredweights) 
was estimated using the harvested mass. Specifically, the conversion is the product of 
harvested mass and the fraction of N content in the crop derived from N fixation (kg-N/kg), 
including the non-harvested portion. The fraction of N derived from N fixation was 74% 
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for soybeans and peanuts and 82% for alfalfa and clover. The non-harvested fraction of 
the crops was assumed to be 50%, based on the values used in Hong et al. (2013). As in 
Hong et al. (2013), non-alfalfa hay was assumed to have 25% leguminous plants such as 
clover that can fix N. For bean and lentil crops we assumed that the crop would derive 
66% of their N from BFN (Smil, 1999b) (Supplemental Table 4). 
For cropland pasture and snap-peas, only harvested area units were available (kg-
N/acre). Due to this limitation, the product of acreage harvested and area-based fixation 
rates (kg-N/acres) was used to estimate BNF (Supplemental Table 4).  
BNF has tremendous variability rates, both spatially and temporally, and introduces 
uncertainty when estimating BNF quantities (Galloway et al., 2004; Hong et al., 2013). As 
a result, there is considerable uncertainty associated with the estimates for the N surplus 
calculations.  
  
2.1.4 Livestock Inputs 
To estimate the N input from livestock manure, county-scale, livestock inventory 
numerated at five-year intervals was used (USDA National Agricultural Statistics Service 
Agriculture Census). We selected 11 different livestock categories, similar to other studies 
(Boyer et al., 2002; Goyette et al., 2016; Hong et al., 2011). We ensured that these 
livestock categories contributed over 95% of all manure produced in each state based on 
2012 livestock inventory estimates (USDA National Agricultural Statistics Service, 2019). 
Livestock category definitions for cattle and chicken changed over the 88-year timeframe, 
and to maintain consistency in category definitions, we aggregated and disaggregated 
categories, as described in Supplemental Table 1. 
 
Once consistent categories of livestock were established, N excreted was calculated 
using the product of reported heads of livestock and N content in manure generated per 
animal (kg-N/animal/yr) reported in previous publications. Cattle is one of the largest 
contributors of livestock manure. We assumed the manure produced by cattle changed 
over time, to account for the larger body weight and high protein feed types of modern 
cattle compared to earlier populations (Smil, 1999b) (Supplemental Table 5).  
28 
 
Lastly, as with crops, USDA agricultural census suppresses data to avoid disclosing data 
for individual operations. To estimate the suppressed heads of livestock in counties, we 
used the same methods as described previously for crops (Section 2.1.2). However, to 
apportion the suppressed data, we used the feed sold at the state scale, instead of the 
crop harvested data. As in other studies, we do not consider losses through ammonia 
volatilization from manure in our calculations. We assume that the volatilized ammonia 
redeposits locally within the county. Figure 4 contains the process flow diagram of the 
steps taken to generate our dataset. 
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Figure 4. The process flow diagram for the livestock census data (kg-N/yr). Black is data 
used, red is process step, and blue are unit conversions.  
2.1.3 Atmospheric Deposition 
Atmospheric deposition is estimated using four datasets at different spatiotemporal 
resolution. Gridded data (4 km x 4 km) on wet deposition (HNO3- and NO3-) is available 
from 1986 to 2017, while similar data on dry deposition (NO3-) is available only from 2000 
to 2017 (National Atmospheric Deposition Program, 2018). In order to estimate wet and 
dry deposition over the entire time-period (1986 to 2017), we used the information in the 
overlapping years (2000 to 2017) to estimate the county-scale ratio of dry deposition to 
wet deposition. County-scale fractions were highly variable and resulted in spuriously high 
values in a few counties. To smooth this variability, we aggregated the ratios to the state-
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level and used the median value of the ratio for each state. We then multiplied 1986 to 
1999 county-scale wet deposition fraction by the state-scale ratios to generate county-
scale dry deposition values for the missing years.  
Next, as NADP does not have deposition estimates for either fraction prior to 1986, we 
used national NOx emissions to scale county deposition trends from 1940 to 1986 
(Houlton et al., 2013). While emissions are not an ideal proxy for emissions, median 
national deposition rates from 1986 to 2007 had a reasonable correlation with emission 
data (R2 = 0.82). Emissions generally are well correlated with deposition rates in the 
northeast, an area with the highest rates of deposition.  
Finally, from 1930 to 1940, we used a global gridded NOx deposition dataset with a 
resolution of approximately 450 km by 420 km (Dentener 2006) to interpolate county 
deposition rates. We did not consider reduced forms of N (NHx) in our N surplus 
calculations since it primarily originates from agricultural sources and is redeposited 
locally (Goyette et al., 2016; Howarth et al., 1996, 2006). 
2.1.4 Fertilizer 
We compiled 88-years of fertilizer data (1930 to 2017) using a variety of sources with 
different spatiotemporal resolution. County-scale annual fertilizer use data between 1945 
to 1985 was obtained from Alexander & Smith (1990), and between 1987 to 2012 was 
obtained from Gronberg et al. (2017). Some counties had significant discrepancies in 
fertilizer use data between the two time-periods (1945 to 1985 and 1987 to 2012) due to 
changes in estimation and downscaling methodologies. Given that the 1987 to 2012 
methodology was more rigorous than the earlier methodology, we scaled the dataset from 
1945 to 1985 to obtain a smoother transition between the two timeframes. The scaling 
factor was generated using the county-scale N fertilizer use for 1987 divided by a 10-year 
average (1975 to 1985) county-scale N fertilizer use. It should be noted that the USGS 
1987 to 2012 fertilizer use dataset partitions the fertilizer use into farm and non-farm. For 
this study, total fertilizer was estimated as the sum of the farm and non-farm use.  
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USGS data is not available prior to 1945. Thus, for the period 1930 to 1944, we used a 
fertilizer use dataset generated by Cao et al. (2018) compiled from a series of sources 
(Mehring, Adams, & Jacob, 1957; USDA, 1971, 2018). Fertilizer use was reported at the 
1 km x 1 km resolution for 1850 to 2015, disaggregated based on land-use and crop type. 
We found that generally, the magnitudes of fertilizer use in the Cao dataset tended to be 
lower than the USGS dataset. Thus, to integrate the pre-1945 Cao data with the USGS 
data post-1945, we scaled USGS county fertilizer use data by the gridded dataset. We 
used the percent change between census years to scale the USGS 1945 fertilizer-use 
values to 1930. 
 
The 1945 to 1985 dataset also did not have information on fertilizer use for “independent 
cities” in Virginia. Thus, we used a similar method as outlined above, using the Cao et al. 
(2018) dataset to scale the 1987 USGS county fertilizer-use values to 1930. 
 
Finally, at the time of writing, the USGS has not published 2017 fertilizer-use estimates. 
Thus, we estimated the 2017 county-scale fertilizer inputs using the national fertilizer use 
data (1994 to 2014), national-scale data on fertilizer applied to corn (1994 to 2016), and 
the county-scale fertilizer use data between 2007 to 2012 (USDA, 2018). To extend the 
national fertilizer use data to 2016, we developed a regression relationship between 
national-scale datasets on fertilizer use and fertilizer applied to corn between 1994 to 
2014 (Supplemental Figure 1). We then extrapolated the average national fertilizer use 
between 2011 to 2016 to estimate 2017 national use. The 2017 national estimate was 
then downscaled to the county-scale by apportioning it to the counties as a function of the 
ratio between the county-scale and national fertilizer use in previous years (averaged 
from 2007 to 2012). This method assumes that the relative usage of fertilizer in the 
counties has remained the same. 
2.2 Clustering Techniques 
To explore if there are characteristic trends of N surplus and its components in the county-
scale time series, we used a clustering analysis of different N trajectories. Section 2.2.1 
explains the background of the clustering methodology. Section 2.2.2 elaborates on the 
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specific methods we used to determine cluster the N component trajectories as well as 
develop the N surplus typologies.  
2.2.1 K-Means Clustering 
K-means is an unsupervised learning algorithm that partitions a data set into a 
prespecified k number of clusters. Before running the algorithm, the data has to be 
summarized into features (or metrics). Features are chosen or measured metrics from 
the data that can be used to partition the data into distinct clusters. For example, two 
metrics for the N surplus dataset could be the mean magnitude and slope of the time 
series. The datasets are clustered based on those two metrics; thus, we can expect to 
have clusters representing k different modes of behavior of magnitude and trend 
direction.  
 
The algorithm takes an iterative approach that optimizes the intra-clusters variance by 
minimizing the sum of squared Euclidean distances (referred to as the total squared 
Euclidean distance) (MacKay & Mac, 2003). The user does the first step of selecting k. A 
commonly used approach for k selection is the elbow method (Dugan et al., 2017; 
Gardner, Pavelsky, & Doyle, 2019; Steinley, 2006). For the elbow method, the k-means 
algorithm is run for a range of k values, and the algorithm returns the total squared 
Euclidean distance for iteration. When plotted, the increasing number of k will result in an 
exponentially decreasing total squared Euclidean distance, resulting from smaller clusters 
and improved cluster partitioning. Often, there is a point of a significant decrease in total 
squared Euclidean distance when incrementally increasing k, which is referred to as the 
“elbow.” By visual inspection of the plotted results (k versus total squared Euclidean 
distance), the user can select the minimum number of clusters (k value) that resulted in 
the most significant decrease in total squared Euclidean distance (Dugan et al., 2017; J. 
R. Gardner et al., 2019; Steinley, 2006).  
 
After selecting k, for the first iteration, the centroid is placed arbitrarily. A distance 
measure quantifies the distance of every data point to each cluster centroid, at which 
point data is assigned to the nearest centroid. A standard distance measure for 
continuous data is the Euclidean distance. For simplicity, assume a dataset has two 
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features and t elements (X: {xtN} where N = 2). The following is the Euclidean distance 
equation for two features data set. 
 
𝐷𝑖𝑠𝑡𝐸𝑢𝑐𝑙𝑒𝑑𝑖𝑎𝑛 =  √(𝑥1
𝑡 − 𝐶1)2 + (𝑥2
𝑡 − 𝐶2)2  
Equation 5 
 
For the subsequent iterations, the centroids will readjust to the mean of the cluster, and 
data are reassigned. This process is repeated until the assignments do not change. This 
process can be summarized in four iterative steps (Figure 5).  
 
Figure 5. The process flow of k-means algorithms (MacKay & Mac, 2003; Steinley, 2006). 
As the algorithm is initiated randomly, it is only able to find a local optimum. As such, once 
the assignment of clusters has converged, the process is repeated entirely. A new 
random starting point is selected, and the dataset is clustered again (Steinley, 2006). The 
total squared Euclidean distance in each cluster is recorded after each convergence. The 
iteration with the smallest squared total squared Euclidean distance is selected as the 
cluster partitioning.  
 
Another standard time series clustering methods, dynamic time warping, is far more 
computationally expensive and also is limited in what features can be used for clustering 
(Berndt & Clifford, 1994; Keogh & Pazzani, 1999). The benefit of a simple algorithm as k-
means is that it is computationally economical, easy to implement (MacQueen, 1967), 
and is used in similar studies for typology generation (Ascott et al., 2017; Dugan et al., 
2017; Gardner et al., 2019). Our implementation of the algorithm allowed for the 
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measurement of the different time series features that were deemed meaningful for our 
analysis.  
 
2.2.2 Using K-Means for Typology Delineation 
To explore spatiotemporal trends of N inputs and output components, as well as N surplus 
trajectories, we used clustering analysis. Specifically, we used k-means clustering for 
county-scale N surplus trajectories, as well as the component trajectories of fertilizer, 
BNF, livestock manure, atmospheric deposition, human waste, and crop output.  
For the N surplus component trajectories, we used ten features measured over five 
distinct periods (1930 to 1940, 1941 to 1960, 1961 to 1980, 1981 to 2000, and 2001 to 
2017). In each period, we characterized the mean N input or output of the component and 
the linear slope of the component trajectory. The periods were of unequal lengths and 
specially selected to capture the known transitions in the U.S. agricultural systems, for 
example, the rise in fertilizer use.  
For the N surplus trajectory, we used 15 features, which included the mean N surplus and 
its slope in each period, as described above. Also, we included the mean contributing 
percentage of each input component (fertilizer, BNF, livestock manure, atmospheric 
deposition, and human waste) to the total N input over the entire of the time series. The 
selection of these features ensured that the clustering was based on its trend, as well as 
its components. Capturing these metrics is important because the components of N 
surplus would drive critical management decisions.  
The features for the clustering algorithms are significantly different in magnitude, which 
necessitates normalization to prevent the unintended weighting of certain features. For 
all features except human waste and N surplus, we used a simple linear min-max 
normalization, scaling the features between ±1. The human waste input and the N surplus 
magnitudes had significant outliers due to dense urban areas with populations exceeding 
80 pp/ha having N surplus magnitudes ranging from 400 - 1400 kg-N/ha/year, in contrast 
to counties with agricultural inputs with N surplus <200 kg-N/ha. Since the k-means 
algorithm is sensitive to outliers, we used the error function to normalize the human waste 
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input and N surplus magnitudes. We first divided by 100, and then normalized using the 
error function, resulting in data exceeding ±180 kg-N/ha approaching the ±1 asymptote. 
The elbow method was used to determine k for both clustering exercises. The method 
yielded five clusters for atmospheric deposition, fertilizer, and crop uptake output, and six 
clusters for human waste, livestock manure, and BNF. When clustering the N surplus 
trajectories, there was not an evident elbow in the elbow plot. Therefore, the selection of 
the number of clusters was based on having less than a 5% improvement in the cluster’s 
squared Euclidean distance by adding a cluster. Indeed, no distinct trends were apparent 
by increasing the number of clusters beyond 10, and thus we selected 10 clusters for the 
N surplus trajectories. 
3.0 Results and Discussion 
The following section outlines the results of our analysis and discussions of our findings. 
Section 3.1 presents the spatiotemporal trends of N surplus. Section 3.2 presents our 
results from clustering the individual N surplus components. Section 3.3 presents our 
results on the typologies of N surplus. Lastly, section 3.4 presents the cumulative N 
surplus and discusses the implications of legacy N in the landscape. 
3.1 N Surplus across the Conterminous United States (CONUS) 
The spatiotemporal distribution of N surplus across the CONUS over the last 88 years 
(1930 to 2017) highlights a 24 fold increase from an average of 0.7 kg-N/ha/yr in 1930 to 
16.7 kg-N/ha/yr in 2017, with specific areas emerging as hotspots over time (Figure 6). 
Spatially, N surplus magnitudes in the 1930s varied from -16 to 1134 kg-N/ha/yr, with the 
largest N surplus magnitudes (>200 kg-N/ha/yr) concentrated in the urban areas, such as 
New York City, Boston, St Louis City, and San Francisco County. Much of the cropland 
at this point in the century had minimal mineral fertilizer use and low livestock density. 
There is an east-west gradient in N surplus, with the higher N surplus magnitudes in the 
Northeastern and Mid-Atlantic states driven by N in atmospheric deposition and livestock 
manure. 
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Figure 6. County-scale nitrogen surplus (kg-N/ha/yr) for (a) 1930, (b), 1960, (c) 1990, and 
(d) 2017. 
We see a progressive intensification of agricultural practices, with a dramatic increase in 
the use of mineral fertilizer after 1945, and the conversion of native prairie soils in the 
Midwest to row crop agriculture (Cao, Lu, & Yu, 2018; Ramankutty & Foley, 1999; Yu & 
Lu, 2018). Increases in N surplus by the 1960s were apparent in the three major 
agricultural regions of the U.S. – the Midwest, Florida, and the Central Valley in California. 
N surplus increased steadily across the country between 1960 to 1990; however, between 
1990 to 2017, there appears to be a decrease in the eastern part of the country. The 
decrease is possibly due to decreases in atmospheric deposition, and cropland 
abandonment. In the next section, we explore the various components of the N surplus 
to understand these patterns.  
3.2 Components of the Nitrogen Surplus 
We used a cluster analysis to understand the dominant modes of behavior of the six N 
surplus components across the CONUS: (a) h uman waste N, (b) atmospheric N 
deposition, (c) livestock manure N inputs, and (d) crop N uptake, (e) fertilizer inputs, and 
(f) biological N fixation (BNF). By considering the trajectories of these individual 
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components, we can better our understanding of the evolution of N surplus across the 
CONUS and the extent to which humans have changed the spatiotemporal distribution of 
N surplus (Figure 7). 
  
 
Figure 7. Cluster results for the six N Surplus components. In order to capture both spatial 
patterns and temporal trends, we have the CONUS map with the clusters and the associated 
time series in corresponding colors. (A) Human waste nitrogen inputs, (B) atmospheric nitrogen 
deposition, (C) livestock manure nitrogen inputs, and (D) crop nitrogen uptake, (E) nitrogen 
fertilizer, and (F) biological nitrogen fixation. Cluster labels are in ascending order of 2017 
magnitudes, (1) having the highest magnitudes to (5-6) having the lowest magnitudes.  
Clusters of human waste N inputs across the CONUS reveal interesting migration 
patterns over the last eight decades (Figure 7a), with mean N surplus magnitudes ranging 
from 330 kg-N/ha/yr for cluster 1 to 0.9 kg-N/ha/yr for cluster 6. Clusters 1 and 2 include 
counties that contain large to medium-sized cities (e.g., New York, Atlanta, Dallas-Fort 
Worth, Washington D.C., Chicago and San Francisco), and accounts for 19.6% of the 
human waste N inputs in 1930, despite covering only 0.16% of the total area. Counties in 
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cluster 1 have maintained high population densities, and thus N input, across the entire 
time frame of analysis, with some migration out of the metropolitan areas evident after 
World War II. In contrast, counties in cluster 2 have seen higher rates of migration into 
the urban centers resulting in a rapid increase in population until the 1970s, after which 
there is a similar migration pattern out of the urban areas (Brown et al., 2005; Johnson, 
n.d.). Counties in clusters 3, 4, and 5 are characterized by heterogeneous land-use, often 
with high-density urban cores surrounded by lower density peri-urban areas or rural 
landscapes. These clusters correspond to regions such as the metropolitan area 
sprawling from New York to Washington and surrounding St. Louis, Denver, and San 
Francisco, Los Angeles, Maricopa, and Davidson County. Finally, cluster 6 includes rural 
areas that cover 90.8% of the country but contribute to only 31.6% of the human waste 
inputs in 2017.  
 
While migration patterns are apparent in the human waste signals, the atmospheric N 
deposition trends show patterns consistent with NOX emissions, and Clean Air Act 
Regulations that addressed these emissions (Figure 7b). There is an evident east-west 
gradient in deposition rates with the lower deposition clusters occurring in the western 
states. This can be attributed to the higher population density and emission rates in 
eastern U.S., and the prevalent west to east wind direction that transports significant 
amount of NOX from vehicular emissions and power plants (Gschwandtner, 
Gschwandtner, Eldridge, Mann, & Mobley, 1986; Howarth et al., 2002; Jaworski, Howarth, 
& Hetling, 1997; Lloret & Valiela, 2016). The highest rates of deposition (Cluster 1 with 
the peak exceeding 10 kg-N/ha in 1980) occurs in the northeastern states of New York, 
New Jersey, and Pennsylvania. High deposition rates in Northeastern U.S. have severely 
impacted the ecosystem, causing the degradation of forested land, the acidification of 
surface waters, and perturbation of the natural nitrogen cycle (Kahl et al., 2004; Lloret & 
Valiela, 2016). Temporally, atmospheric deposition has been decreasing across the 
CONUS since the mid-1990s, primarily due to regulations on NOX emissions, such as the 
Clean Air Act amendments in 1990 (Houlton et al., 2013; Lloret & Valiela, 2016). The rate 
of decline is highest for the eastern states with the highest deposition rates and the lowest 
in the western states. A 62% decrease in atmospheric deposition in the eastern states 
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corresponds to a decline in N surplus magnitudes over the last two decades in these 
regions (Figure 2). 
 
The trends in livestock N excretion across the CONUS show a clear transition from a 
more diversified agricultural landscape, where small farms and livestock operations 
coexisted across the country (Dimitri et al., 2005), to more concentrated animal 
operations that characterize the current landscape (Figure 7c). This transition is 
especially apparent in clusters 1 and 2 that corresponds to 4% of the area but 26% of the 
inputs in 2017. Both clusters 1 and 2 document the increase in inputs over time, with 
cluster 2 plateauing after the 1980s, while cluster 1 increases continuously over the entire 
timeframe. This trend is indicative of the industrialization of the agricultural system 
towards more concentrated animal feeding operations (CAFOs), as well as shifts in cattle 
diets from traditional (free-range and poorly fed animals) to modern operations (confined 
and well-fed animals). In contrast to these increasing trends, magnitudes of inputs in 
clusters 3, 4, and 5 are lower, and they are decreasing over time. This increasing trend 
in clusters 1 and 2, coupled with a decreasing trend in clusters 3 to 6 has contributed to 
a greater range of livestock N inputs in 2017 (0 to 172 kg-N/ha) compared to a more 
homogenized landscape in 1930 (0 to 23 kg-N/ha). Cluster 1 and 2 include counties in 
Wisconsin, Iowa, Nebraska, Texas, and California. Clusters 3 and 4 are most common in 
Texas, Iowa, Missouri, and Kansas, specifically counties that have smaller livestock 
operations or that contain livestock that produces manure with lower N content. Whereas, 
counties in clusters 5 and 6 that have little to no manure N inputs are most common in 
the Great Plains states and much of the south and southeast.  
 
Crop uptake is the only N output pathway in our analysis, and the spatiotemporal patterns 
of uptake closely mimic fertilizer and BNF patterns (Figure 7d). We identified 5 clusters 
of the crop uptake output component, with clusters 1 and 2 having the largest crop 
removal magnitudes of 148 kg-N/ha/yr and 100 kg-N/ha/yr in 2017 and accounting for 
22.6% and 24.5% of uptake at the U.S. scale, despite occupying only 3.6% and 5.8% of 
the overall area, respectively. Counties in these clusters also show a significant drop in 
uptake in 2012 induced by reduced yields from the drought (Rippey, 2015). Cluster 4 
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contains the low productivity cropland areas, with N outputs increasing from a median of 
9 kg-N/ha/yr in 1930 to 20 kg-N/ha/yr in 2017. Cluster 4 corresponds to the Great Plains 
and eastern inland counties. Whereas, cluster 5 also contains low productivity counties; 
however, cluster median magnitudes are significantly lower, ranging from 3.7 kg-N/ha/yr 
to 6.4 kg-N/ha/yr. Cluster 5 is the dominant cluster in the interior western U.S., and the 
area outside of the dominant agricultural areas (Midwest, Mississippi Alluvial Plains, 
Great Plains, and the Central Valley in California). 
 
Fertilizer N input is the second-largest component of the N budget after human waste, 
and has significantly increased since the 1940s, following the use of the Haber Bosch 
process for fertilizer production and the increased demands on food and feed (Figure 7e) 
(Dimitri et al., 2005; Houlton et al., 2013; Cao et al., 2018). This component is described 
by five modes of behavior (Figure 7e), with cluster 1 and 2 with the largest inputs also 
showing some of the steepest increase in N since the 1940s (1.42 kg-N/ha/yr/yr and 0.29 
kg-N/ha/yr/yr for cluster 1 and 2, respectively). Spatially, clusters 1 and 2 are found in the 
highest density in the Mississippi River Basin (corn belt in the Midwestern U.S. and 
Mississippi Alluvial Plain) and the Central Valley in California. These areas have seen an 
almost exponential increase in area under cultivation agriculture owing to the presence 
of highly productive soils and climate suitable for agricultural intensification (Yu & Lu, 
2018). The other clusters with lower inputs surround these highly productive areas and 
contain counties in Delaware, Virginia, Alabama, Georgia, and South and North Carolina, 
Texas, California, and Washington. Finally, the last cluster corresponds to the inland 
Western U.S. grassland and shrubland that have limited agriculture due to unfavorable 
conditions and water limitations. They also correspond to forested areas, protected 
reserves, and mountainous terrain (Waisanen & Bliss, 2002). 
 
Trends in BNF are similar to fertilizer inputs, with increasing trends apparent in all 6 
clusters (Figure 7f), corresponding to increasing land under the N fixing crops, particularly 
soybean. The crops contributing to BNF have changed over time; however, BNF 
nationally dominated by soybeans and alfalfa hay in 1930 through to 2017. While alfalfa 
hay BNF has doubled since 1930, soybean BNF has increased 500 times from 1930 to 
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2017. The national landscape dominated by alfalfa hay in the 1930s accounts for 54% of 
total BNF, while currently, soybean accounts for 79%, and it was only in 1968 where mass 
fixed by soybean exceeded that of alfalfa hay. There is a sudden drop in BNF values in 
2012, and this corresponds to the drought in the Midwest that reduced the yield of N-
fixing crops (Rippey, 2015). It is interesting to note that the magnitude of BNF can be as 
high as fertilizer N inputs, with maximum values being greater than 120 kg-N/ha for both 
categories. Given the recent expansion of N fixing crops, it is thus critical to better 
understand the uncertainty in these BNF estimates, as well as the role of these crops to 
N pollution. 
3.3 Typologies of Nitrogen Surplus across the U.S. 
We found four dominant modes of behavior for N Surplus trajectories across the CONUS 
- crop dominated, livestock dominated, human waste dominated, and minimally impacted 
(ex. forests or desert) (Figure 8 and Figure 9). Our machine learning algorithm identified 
10 clusters of county-scale N surplus trajectories, with three clusters that are crop 
dominated, four that are livestock dominated, two that are urban dominated, and one that 
has minimal impact. 
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Figure 8. N Surplus clusters across the Conterminous U.S. Our results suggest 10 primary 
clusters, with the clusters differentiated by N surplus magnitude and the dominant input 
component. Three of the clusters are dominated by crop production (a), four by livestock 
production (b), two by human waste flows in more urban counties (c), and one by atmospheric 
deposition in relatively less disturbed landscapes (d). The typologies are not based on any 
quantitative comparison; however, when coupling patterns of inputs and land use across the 
clusters, clear patterns emerge. 
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Figure 9. Cluster component time series aggregated into the four typologies. Each bar is 
an average of 5 years of data, and N surplus (black and white line) is the annual N surplus for 
the cluster. Shorthand or the clusters include U corresponds to urban dominated, M 
corresponds to minimally impacted, C corresponds to crop dominated, and lastly, L corresponds 
to livestock dominated. 
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Human waste comprises 87% and 44% of the N inputs for the two urban dominated 
clusters U1 and U2. Cluster U1 encompasses large urban centers like New York, 
Cleveland, Chicago, Denver, and San Francisco, while cluster U2 comprises counties 
with urban cores, such as Los Angeles, Miami, Houston, and Dallas and Fort Worth, 
surrounded by more peri-urban areas. The magnitude of N surplus for U1 is three times 
greater that of U2, and it has remained relatively constant over the last two decades. The 
stable N surplus is a reflection of the stable population trends (U.S. Census Bureau, 
2016). Cluster U2, however, shows a slight decrease in N surplus over the last decade, 
and this can be attributed primarily to the decrease in atmospheric deposition in this 
cluster. The effect of the decrease in atmospheric N deposition is even more apparent in 
the trajectories of the minimally affected cluster M1, where the N surplus magnitudes are 
low and dominated by atmospheric deposition. The cluster M1 characterizes counties that 
are minimally impacted by anthropogenic nitrogen sources, including forested areas in 
Michigan or Vermont, or unproductive arid land in southern Nevada and east of the Sierra 
Nevada mountain range.  
 
N surplus magnitudes are the largest in C1 (mean N surplus of 41.3 kg-N/ha/yr in 2017), 
followed by C2 (mean N surplus of 22.2 kg-N/ha/yr in 2017) and C3 (mean N surplus of 
16.4 kg-N/ha/yr in 2017). The lower N surplus in C3 is driven by less productive 
agricultural areas or mixed land-use in the counties. The trajectories in all these clusters 
show an increasing trend after the 1940s (Section 3.2), and a plateauing, or even a slight 
decrease in N surplus values in the most recent years. The cropland cluster C1 
encompasses counties dominated by corn and soybean production in Illinois, Indiana, 
and Iowa. Cluster C2 includes counties in a slightly less productive area or have 
heterogeneous land use areas in California, Florida, southeastern states, North Dakota, 
and Kansas. Cluster C3 is found across the country and is generally not localized as with 
the C1 and C2. Fertilizer and BNF are the principal inputs for clusters C1 and C2 (74.8% 
for C1 and 70.2% for C2), while the inputs in cluster C3 are split equally between livestock 
and cropland.  
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Counties in the livestock dominated clusters (L1, L2, L3, L4) are found in larger 
proportions in the Great Plains and the eastern states. Cluster L1 is a mixed input cluster, 
with manure contributing 44%, and fertilizer and BNF contributing 25.6% and 19.9% of 
the inputs, respectively. This cluster is distributed across the country but has a higher 
density in the states of Wisconsin, Texas, Kentucky, and Iowa. N surplus magnitudes are 
the highest in L1 (37.7 kg-N/ha/yr in 2017), followed by L2 (11.5 kg-N/ha/yr in 2017), L3 
(7 kg-N/ha/yr) and L4 (6.9 kg-N/ha/yr). Counties in cluster L2 are in the Great Plains and 
Southeast, predominantly in Texas and Oklahoma, and has a higher contribution by 
manure with an average 51.5% of total inputs. Finally, counties characterized by L3 and 
L4 are primarily in the arid inland western U.S., particularly in Arizona, Colorado, Utah, 
and New Mexico, and parts of eastern U.S. These clusters are dominated by low 
productivity agricultural or pastureland with manure contributing 40% and 33% of total 
inputs. For Cluster L4, atmospheric N deposition rates contribute to 36% of N inputs. 
Along with low magnitudes and mixed inputs, L4 can be considered a transition cluster 
between livestock dominated typology and the minimally impacted typology.  
 
Clustering of the dominant modes of N input across the conterminous U.S. helps provide 
insight into primary causes for N pollution and can guide better management decisions. 
For example, to reduce N load in a watershed dominated by cluster H1 (human 
dominated), one would need to focus on upgrades to wastewater treatment plants 
(WWTP). Whereas manure management would possibly yield the maximum benefit in a 
watershed dominated by cluster L1 and L2. The close spatial proximity of the livestock 
dominated cluster L2 and the cropland clusters C1 and C2 highlight opportunities for 
manure redistribution on croplands. Usage of manure as a nutrient source as opposed to 
waste reduces the demand for inorganic fertilizers and provide an end-use for manure. 
Indeed, recent studies have shown the economic feasibility of manure redistribution 
(Werenka, 2019). Instead of an ad hoc approach to implementation of nutrient reduction 
strategies, watersheds could optimize returns on investment by approaching strategy 
implementation based on the dominant typology. Approaching management through 
typologies framework can also provide insight into timelines of response. Areas with non-
point sources found in as crop dominated and livestock dominated, typologies are at 
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higher risk of lag times between management practice implementation and achieving 
improvements in water quality. 
3.4 Addressing Risk and Legacy N with Cumulative N Surplus  
The N surplus trajectories were then used to estimate the cumulative N surplus, which 
provides an upper bound for legacy N accumulation over the timeframe 1930 to 2017. 
Such cumulative surpluses are commonly estimated for phosphorus, while for N, the 
prevailing paradigm has been that the annual N surplus is lost through riverine export and 
denitrification, such that there is no net surplus accumulation (Billen et al., 2009; 
Bouwman et al., 2013; Swaney et al., 2012; Arrouays & Pelissier, 1994; Baker et al., 
2007; Billen et al., 2009; Gál et al., 2007). This paradigm has been challenged in recent 
papers that have provided evidence of organic nitrogen build up in the soil root zone, 
vadose zone, and groundwater pools (Ascott et al., 2017, 2016; J. B. Gardner & 
Drinkwater, 2009; Kroeze et al., 2003; Sebilo et al., 2013; Van Meter et al., 2017, 2016; 
Worrall et al., 2015).  
 
We focused specifically on the agricultural N surplus in our cumulative surplus estimation 
since it excludes human waste that is mostly treated in WWTPs and directly discharged 
into streams (Figure 10). Studies in the Mississippi River basin, Lake Michigan drainage 
basin, and in eastern U.S. watersheds have estimated N loss to riverine export to be 
between 20% and 29% of total inputs (Boyer et al., 2002; Han & Allan, 2008; Hong et al., 
2013; Howarth et al., 2002, 2006; Ilampooranan et al., 2019; Swaney et al., 2012; Van 
Breemen et al., 2002). By removing the fraction of N removed annually through riverine 
export, it improves our estimates cumulative mass in the landscape. While accounting for 
denitrification could further improve estimates, denitrification rates are highly uncertain 
and spatiotemporally variable. Thus, we have omitted this step. As a result, the estimate 
is an upper bound of the mass of legacy N that can accumulate in our soil and 
groundwater.  
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Figure 10. Cumulative agriculture N surplus includes N inputs of fertilizer, fixation, 
atmospheric deposition, and livestock manure, with the only output value as the crop 
uptake N removal.  (a) The spatial distribution across the CONUS of cumulative agricultural N 
surplus, (b) the cumulative mass and normalized mass for the typologies outlined in Section 3.3. 
Higher risk of legacy N in the landscape corresponds to the intensively cropped area in 
the U.S (Figure 10a). We found the cumulative N surplus to range from -300 to over 2,500 
kg-N/ha, with hotspots concentrated along the Mississippi River, and in the Midwest, 
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Florida, California, and the Northeastern states of Delaware and Maryland. The maximum 
cumulative N surplus is 5,678 kg-N/ha and 5,147 kg-N/ha in Cuming County, NE, and 
Sioux County, IA, respectively. Evidence of increases in N stores in the subsurface has 
been documented in national and global scale studies. A total N mass balance study, 
including denitrification exports, in the Thames, UK catchment had increasing subsurface 
N stores of 55 kg-N/ha/yr over 35 years (1,925 kg-N/ha)(Worrall et al., 2015). 
 
Furthermore, soil studies in Iowa and Illinois found that in agriculture areas, SON has 
been increasing at rates of 30.8 ± 11.4 kg-N/ha/yr, and 70.3 ± 10.0 kg-N/ha/yr, 
respectively (Van Meter et al., 2016). Similarly, modeling of the Mississippi River Basin 
found increasing groundwater stores (2.25 kg-N/ha/yr) of N and increasing fluxes of N to 
the SON (6 kg-N/ha/yr) between 1925 and 2014, both indicating increasing cumulative N 
in the watershed. A study of global patterns of N storage in the unsaturated zone has 
estimated N storage of 4,000 kg-N/ha in the U.S., particularly the Great Plains.  
 
N accumulation trajectories show distinct patterns in the four cluster typologies, with 
maximum apparent in the cropland cluster, followed by livestock, with urban and 
minimally impacted areas having similar magnitudes. Interesting to note that while the 
urban dominated cluster does not contain many counties, their normalized area inputs 
are comparable to those of crop dominated clusters. Approximately 600 kg-N/ha of the 
total cumulative mass can be attributed to urban fertilizer use. Urban fertilizer use is rarely 
considered explicitly in mass balance studies; however, it can contribute significant N to 
surface water and groundwater systems. N budget study of seven urban subwatersheds 
of the Mississippi River in the Capitol Region Watershed found that domestic use of 
nutrients dominated urban inputs (Hobbie et al., 2017). In fact, household fertilizer in the 
watersheds accounted for 37 to 59% of total N inputs. In the study, N export was 
calculated by using export from storm drains, runoff, and baseflow. Budgets of the 
watersheds estimated rate of N retention (including denitrification removal) ranging from 
19.5 kg-N/ha/yr to 53 kg-N/ha/yr (Fissore et al., 2012; Hobbie et al., 2017). Thus, in urban 
areas, legacies in groundwater and soil pools can be extensive. While our agriculture N 
surplus demonstrates legacies in urban counties, improving the estimates of urban 
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fertilization and including other sources is necessary for a more accurate estimate. 
However, evidently, further investigation into the impacts of urban fertilizer use is crucial 
when considering N management. 
 
Interestingly, areas that are clustered under minimally impacted in the previous section, 
particularly in Eastern U.S., have cumulative stock ranging between 500 and 1000 kg-
N/ha. Years of elevated N deposition has caused the accumulative in these minimally 
impacted areas. While cumulative N stock magnitudes is a fraction of those in the 
intensively cropped area in the U.S., N can still have resounding impact on forested 
ecosystems by perturbing natural N cycling, decreasing the pH of soils, acidifying surface 
waters, and altering community of trees (Driscoll et al., 2001; Lloret & Valiela, 2016).   
 
The spatial patterns of cumulative N surplus correspond well with patterns of elevated 
nitrate concentrations in aquifers (N. Dubrovsky et al., 2010). Based on our cumulative N 
surplus results, it is evident that many counties within the High Plains aquifer region are 
at high risk of having legacy N in the subsurface. Groundwater monitoring in the High 
Plains aquifer from 1999 to 2004 revealed concentrations exceeding background nitrate 
levels (4 mg-N/L) in 90% of the wells tested in the north, 60% in the central, and 55% in 
the southern region (Gurdak, 2009).  
 
While significant uncertainty remains regarding the magnitude of the estimate of N 
accumulation, the present results suggest that legacy N is, at varying degrees, impacting 
most counties in the U.S. The cumulative N surplus can provide insight into agronomic 
regions that are at risk of having legacy stores of N that could lead to groundwater or 
surface water contamination. Outlining such areas can allow for management practices 
to be adopted to address legacy N in the landscape that can be tailored to have the 
highest return on investment, both economically and environmentally. 
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4.0 Conclusions 
The overall objective of the study was to compile a conterminous U.S. county-scale 
dataset of N inputs and outputs, over a relatively long period (1930 to 2017), to 
understand the temporal and spatial distribution of legacy N across the CONUS. In the 
last 88 years, the magnitude and distribution of N surplus, quantified as the difference 
between N inputs and outputs, have changed drastically. In 1930 N surplus hotspots were 
urban centers, including New York with N surplus rates exceeding 1000 kg-N/ha/yr. Since 
the 1940s, N surplus has increased in the Midwest, driven by the intensification of 
agriculture and the concentration of animal operations. Today, national N surplus 
magnitudes are 24-times greater than magnitudes in the 1930s. While urban areas still 
have significant N surpluses, wastewater treatment plants remove large portions of N. In 
contrast, agricultural N inputs result in the accumulation of legacy N.  
 
The magnitudes and hot spots of N surplus can elucidate areas potentially at risk. 
However, understanding the drivers of the magnitudes and hotspots is essential for 
decision-making. For that reason, we developed typologies to group counties that have 
similar N surplus magnitudes and drivers. The four typologies include (1) urban 
dominated, (2) crop dominated, (3) livestock dominated, and (4) minimally impacted 
landscapes. Spatially, the Midwest, California, Florida, and Southeastern U.S. are 
predominant in the crop dominated typology. Livestock dominated counties are generally 
found more in Wisconsin and the Great Plains. Minimally impacted counties coincide with 
areas that are too arid to support agriculture or uninhabited forested area. Urban 
dominated typologies are distributed across the U.S., generally accounting for counties 
with large cities with high population densities. 
 
Using typologies to cluster counties can provide insight into primary causes for N 
pollution. Understanding the source of N in the county or watershed can guide better 
management decisions. For example, reducing N loads in a watershed for the urban 
typology requires upgrades in wastewater treatment plants. Whereas, in the crop or 
livestock dominant typologies, agriculture best management practices (i.e., manure 
management and fertilizer use reduction) would yield the maximum benefit.  
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We furthermore used the N surplus trajectories to estimate the cumulative agricultural N 
surplus over the past 88 years, which provides an upper bound of the of the potential 
legacy N stores in the landscape. Unsurprisingly the highest levels of cumulative N 
surplus correspond to the areas in agriculture and livestock typologies. Furthermore, the 
spatial patterns of cumulative N surplus also correspond to many areas with high levels 
of groundwater NO3-. While significant uncertainty remains regarding the actual 
magnitude of the estimate of cumulative N, the present results suggest that legacy N is 
at varying degrees, impacting most counties in the U.S.  
 
Billions of dollars spent on investment in the last few decades on watershed conservation 
measures, however, we have yet to see proportional improvements in water quality. 
Outlining such areas can allow for management practices to be adopted to address 
legacy N in the landscape and set realistic water quality goals by accounting for stores of 
N. Large investment and minimal returns have already led to disillusionment in 
stakeholders. Appropriately communicating uncertainties and limitations of water quality 
improvements to the stakeholders, authorities, and policymakers are essential to inspire 
confidence.  
4.1 Future Work 
This dataset allows for extensive analysis and is likely going to contribute to many future 
works. However, there are two projects in the foreseeable future. The current work 
focuses solely on spatiotemporal N surplus dynamics. However, coupling the inputs with 
water quality provides insight into the interaction of N with the landscape. Future work will 
include processing long term water quality data from over 300 watersheds (Oelsner et al., 
2017). Although existing studies have conducted watershed-scale analysis of N surplus 
and export to understand trends and processes controlling N export (Boyer et al., 2002; 
Lin, Pearlstein, Compton, Matthews, & Leibowitz, 2016; Mehaffey et al., 2005; K. Schilling 
& Zhang, 2004; Swaney et al., 2012; Williams, King, & Fausey, 2015), due to the onerous 
data processing demand, these studies are often limited to fewer than 100 watersheds 
(Hong et al., 2013). With a dataset that begins before water quality measurements and 
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extensive improved spatial coverage, we can expand on the existing analysis of water 
quality landscape drivers.  
 
Secondly, this dataset will also be used to estimate time lags in watersheds across the 
U.S. using a similar approach to the analysis performed of the Grand River Watershed 
(Van Meter & Basu, 2017). In the Grand River watershed, using N surplus estimates and 
long-term water quality trajectories, subcatchment with legacy N stores showed nonlinear 
relationships between N inputs and outputs. The strong hysteresis effect is evidence of 
legacy N and decadal-scale lag times. We can scale up this approach by coupling water 
quality trajectories from the 300 watersheds with our N surplus trajectories.   
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Supplemental Table 1. Aggregation and disaggregation of census livestock (cattle and poultry) categories.  
Cattle and cows    
Year Data Available Description of Process 
1930 
Cow & heifers > 2 yr, beef production 
Cow and heifers > 2yr for milk and beef were categorized as milk and beef 
cattle, respectively. Other cattle was calculated by summing remaining 
categories.  
Cow & heifers > 2 yr, milk production 
Cow & heifers < 2 yr, beef production 
Cow & heifers < 2 yr, milk production 
Heifers, yearlings 
Bulls > 1yr 
Steers & bulls, 1 yr 
Steers, 2 yrs 
Steers > 2 yrs 
Calves 
1935 
Cows & heifers > 2 yr 
Cows and heifers > 2yrs was split into milk and beef cattle using county-
scale fractions (i.e. milk cattle to cows & heifers > 2 yr ratio) from 1940.  
Other cattle was calculated by summing remaining categories.  
Heifers < 2 yr 
Steers & bull > 1 yr 
Calves 
1940 
All cattle 
Other cattle was calculated by finding the difference between all cattle and 
milk and beef cattle. 
Cow & heifers > 2 yr, beef production 
Cow & heifers > 2 yr, milk production 
1945 
All cattle Cows and heifers > 2yrs was split into milk and beef cattle using county-
scale fractions (i.e. milk cattle to cows & heifers > 2 yr ratio) from 1940. 
Other cattle was calculated by finding the difference between all cattle and 
milk and beef cattle. Cows & heifers > 2 yr 
1950 
All cattle The difference between Cows & heifers that have calved and Cows and 
heifers > 2yrs, milk production was used to calculate beef cattle. Other 
cattle was calculated by finding the difference between all cattle and milk 
and beef cattle. 
Cows & heifers > 2 yr 
Cow & heifers > 2yr, milk production 
1954 to 
1964 
Cows & heifers that have calved The difference between Cows & heifers that have calved and Cows and 
heifers > 2yrs, milk production was used to calculate beef cattle. Other 
cattle was calculated by summing remaining categories.   
Cow & heifers > 2 yr, milk production 
Steers & bulls, incld. calves 
70 
Heifers & heifer calves, number 
1969 to 
1997 
Cow & heifers > 2 yr, beef production 
Other cattle category was calculated by summing remaining categories.  
Cow & heifers > 2 yr, milk production 
Steers & bulls, incld. calves 
Heifers & heifer calves, number 
2002 to 
2017 
Cow & heifers > 2 yr, beef production 
No calculations required. Cow & heifers > 2 yr, milk production 
Other cattle 
Chicken and Broiler Chickens  
1930 to 
1964 
Chickens > 3 mths 
Chickens > 3 months categorized as other chickens. Broilers were scaled 
from 1969 to 1930 using rate of change of broiler consumption (kg 
consumed) and broiler live weight (kg meat/chicken) to establish the 
percent change of national broiler inventory for each census year.  
1969 to 
1974 
Chickens > 4 mths 
Chickens > 4 months categorized as other chickens. 
Broilers & other meat chickens 
1978 to 
1992 
Chickens > 3 mths 
Chickens > 3 mth and pullets < 3 mths are categorized as other chickens. Pullets < 3 mths 
Broilers & other meat chickens 
1997 
Layers & pullets > 3 mths 
Layers & pullets > 13 wks and pullet chicks & pullets < 13 wks are 
categorized as other chickens. 
Pullet chicks & pullets < 3 mths 
Broilers & other meat chickens 
2002 to 
2017 
Layers > 20 wks 
Layers > 20 wks and pullet checks for laying flock replacement are 
categorized as other chickens. 
Pullet checks for laying flock replacement 
Broilers & other meat chickens 
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Supplemental Table 2. Consolidated County FIPS. 
State 
FIPS 
Original 
County FIPS 
Dataset 
County 
FIPS 
State County   
State 
FIPS 
Original 
County FIPS  
Dataset 
County 
FIPS 
State County 
4 4012 4027 AZ La Paz   51 51600 51059 VA Fairfax 
8 8014 8013 CO Broomfield (new)   51 51640 51077 VA Galax 
8 8001 8031 CO Adams   51 51595 51081 VA Emporia 
11 11010 11001 DC 
District of Columbia 
(duplicate) 
  51 51084 51083 VA South Boston (historical) 
12 12025 12086 FL Dade (historical)   51 51780 51083 VA South Boston (historical) 
13 13041 13121 GA 
Campbell County 
(historical) 
  51 51683 51153 VA Manassas 
16 16089 16043 ID 
Yellowstone National 
Park (historical) 
  51 51685 51153 VA Manassas Park 
30 30113 30067 MT 
Yellowstone National 
Park (historical) 
  51 51775 51161 VA Salem 
32 32025 32510 NV Ormsby  (historical)   51 51678 51163 VA Lexington 
35 35028 35043 NM Los Alamos   51 51620 51175 VA Franklin 
35 35049 35043 NM Santa Fe   51 51720 51195 VA Norton 
35 35006 35061 NM Cibola   51 51735 51199 VA Poquoson 
46 46001 46041 SD Armstrong (historical)   51 51129 51550 VA Nokfolk (historical) 
46 46131 46071 SD 
Washabaugh 
(historical) 
  51 51785 51550 VA South Nokfolk (historical) 
46 46133 46113 SD Washington (historical)   51 51055 51650 VA Elizabeth City (historical) 
46 46102 46113 SD Ogallala County (new)   51 51189 51700 VA Warwick (historical) 
51 51560 51005 VA Clifton Forge   51 51123 51800 VA Nansemond (historical) 
51 51580 51005 VA Covington   51 51151 51810 VA Princess Anne (historical) 
51 51610 51013 VA Falls Church   55 55083 55078 WI Oconto 
51 51820 51015 VA Waynesboro   55 55115 55078 WI Shawano 
51 51515 51019 VA Bedford   56 56047 56029 WY 
Yellowstone National 
Park (new) 
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Supplemental Table 3. Conversion values for crops uptake included in the N surplus 
calculations. 
Tree Type Reporting Unit 
N Uptake 
(kg-N/tree) 
Citation 
Almonds Trees 0.82 1,2 
Apple Trees 0.23 3,4 
Cherry Trees 0.23 5,6 
Grapefruit Trees 0.31 7 
Grapes Vine 0.03 8,9 
Olive Trees 0.06 10 
Orange Trees 0.31 7 
Peach Trees 0.15 11,12 
Pecan Trees 1.5 13,14 
Pistachio Trees 0.44 11 
Prune and plums Trees 0.38 11 
Walnut Trees 1.3 11,15 
Avocado Trees 1.06 11 
Apricot Trees 0.15 11,12,16 
Pear Trees 0.23 3,4 
Crop Type Reporting Unit 
N Uptake 
(kg-N/acres) 
 
Blackberries Acres 13.50 17,18 
Blueberry Acres 10.93 19 
Cranberry Acres 18.14 20 
Raspberries Acres 16.20 17,18 
Crop Type Reporting Unit Kg per reporting unit 
N Content  
(kg-N/kg) 
Citation 
Alfalfa hay Dry tons 907.2 0.025 
21,22 
Asparagus Acres 756 0.005 
23,24 
Barley Bushels 21.8 0.019 
21,22 
Beans Bushels 27.2 0.059 
25 
Beans Hundredweight 45.4 0.059 
25 
Broccoli Acres 5130 0.009 
23,26 
Canola Pounds 0.454 0.035 
25 
Cantaloupes Acres 9550 0.002 
12,27,28 
Carrots Acres 15866 0.003 
12,27,29 
Corn, grain Bushels 25.4 0.013 
21,22 
Corn, silage Green tons 907.2 0.004 
21,22 
73 
Corn, silage Acres 7967 0.004 
21,25 
Corn, sweet Acres 4774 0.013 
25,30 
Corn, total Acres 6264 0.004 
21,25 
Cotton Bales 226.8 0.030 
21,22 
Cropland pasture Acres 907.2 0.025 
21,22 
Flaxseed Bushels 25.4 0.035 
25 
Non-Alfalfa Hay Dry tons 907.2 0.011 
21,25 
Hops Pounds 0.454 0.022 
25 
Lentils Pounds 0.454 0.039 
25 
Lentils Hundredweight 45.4 0.039 
25 
Lettuce Acres 13467 0.002 
12,31–33 
Lima beans Hundredweight 45.4 0.026 
25 
Millet Bushels 22.7 0.019 
25 
Millet Acres 528 0.019 
25 
Noncropland pasture Acres min(453.6, cattle uptake*) 0.020 
21,25 
Oats Bushels 14.5 0.018 
21,25 
Onions, dry Acres 1679 0.002 
6,34,35 
Peanuts Bushels 9.98 0.040 
21,25 
Peanuts Pounds 0.454 0.040 
21,25 
Peppers Acres 11122 0.001 
27,35 
Potatoes Hundredweight 45.4 0.004 
21,25 
Potatoes Acres 11414 0.004 
21,25 
Pumpkin Acres 9072 0.001 
12,27 
Rice Hundredweight 45.4 0.013 
21,25 
Rice Bushels 20.3 0.013 
21,25 
Rye Bushels 25.4 0.019 
21,25 
Safflower Pounds 0.454 0.025 
25 
Safflower Bushels 17.2 0.025 
25 
Safflower Acres 859 0.025 
25 
Sorghum, grain Bushels 25.4 0.018 
21,25 
Sorghum, silage Dry tons 526.2 0.013 
21,25 
Sorghum, silage Ton, dry 907.2 0.013 
21,25 
Soybeans Bushels 27.2 0.059 
25 
Squash Acres 6008 0.001 
12,27 
Strawberry Acres 15236 0.003 
12,27 
Sugar beets Tons 907.2 0.002 
21,25 
Sugarcane 
Tons 907.2 0.002 
21,25 
Acres 33109 0.002 
21,25 
Sunflower Bushels 14.5 0.029 
25 
Sunflower Pounds 0.454 0.029 
25 
Sweet potato Bushels 22.7 0.003 
25 
Tobacco Pounds 0.454 0.032 
21,25 
74 
Tomatoes Acres 20550 0.001 
12,37,38 
Triticale Bushels 25.4 0.027 
25 
Watermelon Acres 8417 0.002 
27,28 
Wheat Bushels 27.2 0.019 
21,25 
*Cattle uptakes rates are 66.75 kg-N/animal/yr for beef cattle and 156 kg-N/animal/yr for milk cattle. 
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Supplemental Table 4. Conversion values for crops biological nitrogen fixation included 
in the N surplus calculations. 
Crop Type Reporting Unit 
Kg per reporting 
unit 
Fixation Rates  
(kg-N/kg/yr) 
Citation 
Soybeans Bushels 27.22 0.066 
1 
Alfalfa Hay Dry tons 907.18 0.031 
1 
Peanuts pounds 0.45 0.045 
1 
Peanuts bushels 9.98 0.045 
1 
Lentils pounds 0.45 0.039 
2 
Lentils hundredweight 45.36 0.039 
2 
Beans bushels 27.22 0.059 
2 
Non-alfalfa Hay Dry tons 907.18 0.003 
1 
Crop Type Reporting Unit 
Square kilometers 
per reporting unit 
Fixation Rates  
(kg-N/km2/yr) 
 
Cropland Pasture Acres 0.0040 1500 
1 
Snap Beans Acres 0.0040 9000 
1 
1.   Hong, B., Swaney, D. P. & Howarth, R. W. A toolbox for calculating net anthropogenic nitrogen inputs (NANI). Environ. Model. Softw. 
26, 623–633 (2011). 
2.  Smil, V. (1999b). Nitrogen in crop production: An account of global flows. Global Biogeochemical Cycles, 13(2), 647–662. 
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Supplemental Table 5. Conversion values for livestock manure N excretion included in 
the N surplus calculations. 
Livestock Type 
Reporting  
Unit 
N in Animal 
Excretion 
(kg- N/animal/yr) 
Citation 
Poultry, Broiler Head 0.07 1,2 
Poultry, Other Chickens (not broilers) Head 0.55 1,2 
Poultry, Turkey Head 0.39 1,2 
Goat Head 5.0 1,2 
Hog and Pigs Head 5.8 1,2 
Sheep and lambs Head 5.0 1 
Poultry, Turkey Head 0.39 1,2 
Horse and Ponies Head 40 1,2 
Cattle, Beef Head 58.51 1,2 
Cattle, Beef pre-1945 Head 30 1,2 
Cattle, Milk Head 121 1,2,3 
Cattle, Milk pre-1945 Head 45 1,2,3 
Cattle, Other (Heifer, Bull, Steers, Calves) Head 58.5 1,2 
Cattle, Other pre-1945 (Heifer, Bull, Steers, 
Calves) 
Head 30  1,2,3 
1.  Hong, B., Swaney, D. P. & Howarth, R. W. (2011) A toolbox for calculating net anthropogenic nitrogen inputs (NANI). Environ. Model. Softw. 26, 623–
633. 
2.  Smil, V. (1999b). Nitrogen in crop production: An account of global flows. Global Biogeochemical Cycles, 13(2), 647–662. 
3.  Van Meter, K. J., Basu, N. B., & Van Cappellen, P. (2017). Two centuries of nitrogen dynamics: Legacy sources and sinks in the Mississippi and 
Susquehanna River Basins. Global Biogeochemical Cycles, 31(1), 2–23. 
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Supplemental Figure 1. National N consumption and N use on corn 
 
 
